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Abstract 

There were 137 cathode-insulator modifications of the McDonnell Douglas 
Corporation (MDC) X-7 radiation cooled MPD arc thruster tested in a power 
range of 9.8 to 46.4 kW using ammonia as the principal propellant. Thrust 
performance was obtained with arc currents from 200 to 800 A, magnetic 
fields from 0.06 to 0.173 tesla, and mass flow rates from 4.6 to 102 mg/sec. 
The resulting specific impulses ranged from 472 to  1 1,426 sec with thrust 
efficiencies ranging from 4.2 to 86.7%. Specific impulse values above 10,000 
sec could only be maintained for short periods, and in some cases could not 
be reproduced. 

In addition to ammonia, the following propellants were tested: argon- 
ammonia, nitrogen, nitrogen-hydrogen, helium, neon, and xenon. 
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This report describes the design modifications, per- 
formance and duration testing of the MDC X-7 arc 
thruster. There were 137 tests made of various 
cathode-insulator configurations with ammonia as 
propellant. The modifications consisted of varying 
the cathode and insulator geometry with the intent 
to  control the arc attachment at the cathode. The 
best performing configuration was tested further 
(25 tests) with argon, nitrogen, nitrogen-hydrogen, 
helium, neon, and xenon propellants. 

Parametric test plan 

Solid conical, hollow (with and without flow 
through the cathode hollow section) and buffered 
cathodes of both solid conical and hollow configu- 
ration were investigated. A special triple cathode 
configuration was tested in an effort to increase the 
total arc current. 

The interelectrode insulator geometry was varied 
to remove the insulator from the high temperature 
region of the arc discharge to reduce insulator 
erosion. 

Various propellant feed arrangements were 
studied with flow control through and around the 
cathode. The ratio of flow rates was controlled by 
two separate feed systems. Addition of propellant 
flow around the hollow cathode usually caused the 
arc attachment to move from the cavity to the 
outside diameter of the cathode. Addition of argon 

to the flow of ammonia through the hollow catl-i- 
ode aided inner arc attachment; however, a 75% 
volume concentration of argon was requared. 

Tests of modifications 

There were 137 cathode-insulator assembly modifi- 
cations of the X-7 thruster tested and evaluated. 
Most of the tests were made with a nozzle throat 
diameter of 1.778 cm and a few tests wrth :! 54 a i ~ d  
3.175 cm throats. Arc current levels up to 800 A 
were tested, and the arc input power ranged from 
9.8 to 46.4 kW. An independently controlled mag- 
netic field was varied from 0.06 to 0.173 tesla. The 
propellant flow rate was varied from 4.6 to I02 mg/ 
sec. The test chamber background pressure was 
maintained at less than 0.01 5 Torr f o ~  a11 tests. 

Evaluation of the modifications was based maria- 

ly on thrust performance measuremen-~ts. Motaon 
pictures of the cathode-insulator region dur-ing oper- 
ation were taken to aid the understanding and 
evaluation of performance. The thmst performance 
measurements obtained from these tests resulted m 
a specific impulse range of 472 to 1 i ,426 sec wit11 
thrust efficiencies ranging from 4.2 to 86.7%. 

The configuration showing the best perrcmnance 
was the HC9-A cathode. This cathode was tested 
more thoroughly in three 10-hour runs. Further 
tests were conducted with the following propellants 
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nitrogen, nitrogen-hydrogen, helium, neon, and Delivery of hardware 
xenon. 

Two independently controlled propellant feed Ten cathode-insulator assemblies, five anode-radi- 
systems were used so that the flow through and ation flange assemblies, and two complete MDC 
around the cathode could be varied. Addition of X-7 radiation cooled MPD thruster assemblies with 
secondary flow around the cathode was detrimental magnets were delivered to the Lewis Research Center 
in that generally it caused a gross instability. during the contract period. 
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1 Introduction 

The purpose of this investigation was the modifi- 
cation and improvement of the MDC X-7 radiation 
cooled magnetoplasmadynamic thruster to better 
understand and control the current attachment. 
This thruster (Fig. 1.1) was developed by MDC 
previously under NASA Contract NAS3-115 18. 
Section 2.1 gives a description of the X-7 thruster. 
The X-7 thruster was operated continuously for a 
period of over 500 hours, with an arc power input 
of about 32 kW. 

During the development testing of the X-7 
thruster and especially over the 500 hour lifetest, 
it became apparent that improvements, perform- 
ance and reliability were closely related t o  the 
location of arc attachment on the cathode electrode. 
Thruster operation in several voltage modes at con- 
stant current was clearly identified with different 
distributions of current attachment. The high volt- 
age mode was associated with current attachment 
at a small area on the tip of the cathode. The thrust- 
er operated with low erosion and high voltage but 
with low efficiency. In the low voltage mode, the 
current attached near the base of the cylindrical 
region of the conical cathode. The erosion in this 
mode was high since the insulator was close to the 
high temperature discharge. Thruster performance 
was highest in the low voltage mode. 

The cathode was found to be a critical component 
of the thruster. Basically three modification and im- 
provement schemes were investigated. The principal 
scheme used was the modification of the cathode- 
insulator geometry. 

Previous studies by ~u rkha r t l  of NASA suggest 
that voltage mode control can be obtained by the 
relative amount of propellant fed t h r o u b  tile center 
and around the outside of the cathode; hence at 
MDC dual flow was investigated. In addition to 
ammonia as the principal propellant, nitrogen, 
nitrogen-hydrogen mix, helium, near;, and x enon 
propellants were investigated. 

The various modifications were judgcd 011 the 
basis of their thrust performance, as well as on the 
basis of their ability to operate for extended periods 
without changing the voltage-current, effeciency, 
and specific impulse characteristics. Direct vrsuaii- 
zation and motion pictures were also used as per- 
formance monitors. 

1 .1 0 bject ive 

The general objective of this study was the modifii- 
cation of the cathode-insulator assembly to control 
cathode attachment of the current, and erosion of 
the thruster insulator and cathode. The work was 
accomplished in three basic tasks: 

(a) Plan parametric tests and design the nieces- 

sary hardware - A systematic procedure 
was established for making a parametric 
study of the cathode arc attachrnenl, and 
thruster voltage modes. The best meas-ns of 
controlling the arc attachmerit w a s  deter- 
mined. Then the optimum current attach- 
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ment pattern for performance and thruster 
life was determined. The parametric study 
incliuded variation of the following areas: 
cathode and insulator geometry, propellant 
feed arrangement, and propellants. 

(b) Fabricate the necessary hardware and per- 
form the tests - Each cathode-insulator 
assembly modification was tested and evalu- 
ated. The most promising configuration of 
tne first tests was tested more thoroughly 
~ r p  "shree '1 0-hour tests. The primary propel- 
ant was ammonia. The most promising con- 
figuration also was tested on nitrogen, neon, 
and xenon propellants. The tests were con- 
ducted in a vacuum facility at a pressure of 
< 0.025 Torr. Performance data and current 
attachment data were recorded for each test. 

The mode of operation and its stability were 
also noted. 

(c) Fabricate and deliver hardware to the NASA 
Lewis Research Center (LRC) - Ten cathode- 
insulator assemblies of the configuration 
selected by the LRC Project Manager, and 
two complete thrusters including water- 
cooled magnets were delivered to NASA 
Lewis Research Center. The thrusters were 
of the X-7 design except that the cathode- 
insulator assemblies were those developed 
under this contract and specified by the 
LRC Project Manager from among those 
tested. Delivery was made before 19 Feb- 
ruary 197 1. Five anode-radiation flange 
assemblies were also fabricated without 
any addition in cost and shipped on 
7 May 1971. 

u Compression spring 

0 1  2 Mullite insulator Radiation shield 
Scale (cm) (pyrolytic graphite) 

Electrical insulator (boron nitride) 

Fig. 1.1 MDC X-7 thruster 
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2 Expevimelntai apparatus 

All experiments were performed in a 0.91 m diam, 
4.0 m long vacuum chamber. Background pressure 
was a function of mass flow, with a typical value of 
10- Torr with an ammonia flow rate of 0.040 g/ 
sec, as measured with a vacuum gauge (NRC Alpha- 
tron Model 520). 

The operating parameters for any given design 
were within the following ranges: 

Propellant mass flow rate 4 to  102 mg/sec 
Arc current 200 to 800 A 
External magnetic field at 0.06 to  0.173 

the cathode tip tesla 
Arc input power 9.8 to 46 kW 

Fig. 2.1 X-7 Thruster assembled 

2.1 Thruster conf iguaation 

The thruster used in this study was the MDC X-7, 
developed under Contract NAS3-115 18. Its design pointed rod about 2.5 cm long, and was made of 
and operating characteristics are reported in Ref. 2. 2% thoriated tungsten. The upstream end had two 

The X-7 thruster is a radiation-cooled device 
capable of steady state operation at 40 kW of input 
power. The cross section of the X-7 thruster with 
the water-cooled magnet is shown in Fig. 1.1. 
Figure 2.1 is a photograph of the same device. 

lapped surfaces, which provided the gas seals be- 
tween the boron nitride electrical insulator and the 
cathode, and between the molybdenum cathode 
holder and the cathode. A water-cooled electro- 
magnet with a magnetic stainless steel core was uscd 
to  stimulate a permanent magnet field distribution. 

The anode structure consists of an inner 2% The magnet was located at the rear and concentric 

thoriated tungsten annulus surrounded by a graphite with the anode assembly. Radiation sl~lclds ,were 
radiation flange. The interface contact between the interposed in the magnet and the anode assembly 
tungsten and graphite was made by a spring loaded, to reduce the heat transfer to the magnet to approxi- 
lapped taper joint. The cathode was a 1 cm diam mately 100 W at 40  kW of arc power 
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EXPERIMENTAL APPARATUS 

2,2 Thrust measurement 

Thn~s t  rneasurements were obtained by a single 
pendulum thrust stand. This stand, shown sche- 
matically in Fig. 2.2, has a pendulum 1.78 m in 
length and is suspended by two thin stainless steel 
flexures. Cooling water and propellant lines are 
brought through the top of the stand by rubber 
hoses. Electrical power for the thruster and magnet 
is corsnected to the stand by mercury pots and is 
brought 10 the thruster through coaxial bus bars. 
Power is supplied by four 60 kW welding rectifiers 
(Miller Model SR-1500-Fl). The pendulum bar and 
mounting plate are water-cooled to reduce thermal 
drift. Deflection of the pendulum is determined by 
a LVDT (Daytronic DF 160) and the output is in- 

dicated on a strip chart recorder (Honeywell 
Electronik 16). A calibration of thrust as a function 
of deflection is obtained by a pulley and known 
weight arrangement. A thrust "killer" or flow de- 
flection bucket is attached to the stand and can be 
swung in front of the thruster to  turn the exhaust 
flow 90 deg from the thrust direction. Thrust was 
measured by blocking the exhaust with the "killer" 
for a period of 10 to 15 sec and recording the change 
in deflection of the pendulum. Use of the "killer" 
technique has been previously reported3 and is 
particularly useful for radiation-cooled thruster 
work where thermal drift of the stand is usually 
encountered. 

Water cooled 

.c-- 

\- 0.91 m diam 
vacuum chamber 

Fig. 2.2 1 Thrust stand 
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EXPERIMENTAL APPPIRATUS 

2.3 Thruster Measurements 

Current and voltage to the thruster and magnet were 
measured by standard dc current shunts and a volt- 
meter (Weston Model 901). Propellant mass flow 
rates were measured by sonic flow nozzles. Magnetic 
field measurements were made using a Bell 240 
incremental gaussmeter with an A2401 probe. 

Experimental measurements of thrust, arc current, 
voltage, and propellant mass flow rate were used to 
determine the specific impulse and thrust efficiency 
from Eqs. (2.1) and (2.2). 

T 
IsP = m , 

T Q = ---- 
2m Pa ' 

where T = thrust, 

Pa = arc power, 
fi = mass flow rate, and 
g = acceleration of gravity. 

2.4 Cathode photography 

Motion picture photography was used to record the 
current attachment on the various cathodes during 
operation. The motion pictures were taken with a 
16 mm Hy-Cam rotating prism camera (Model 
K2S20E) which provided high resolution, full frame 
pictures. The camera has a speed range of 12 to 
5000 pictures per second. A speed of 24 pictures 
per second was used during all tests. Figure 2.3 is a 
schematic of the vacuum chamber and shows the 
camera location. This camera location gave the 0 

maximum visibility of all cathode-insulator configu- Lo 
Scale (cm) 

rations. The cathode of the buffered configuration 
could not be seen from the side window. Fig. 2.3 Camera location for cathode-irnsulatg3r study 
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3 Parametric test plan 

The objective of this phase of the work was to 
determnne the best method for controlling the arc 
attachment, and then, using this method, to deter- 
nune the attachment pattern for optimum perform- 
ance ancl thruster life. To accomplish this objective, 
tile test plan was divided into three areas, i.e., 
cathode-~nsulafor geometry, propellant feed arrange- 
ment, and propellants. 

3-1 Cathode-insulator geometry 

System;itic tests were devised to determine the 
optimum catl~ode configuration for the MDC X-7 
radiafioil-cooled MPD arc thruster. The shape of the 
catl~odc was varied over a wide range to determine 
its effect on current attachment. The electrode 
insulator geometry was varied in an effort to elimi- 
nate the boron nitride insulator from the highest 
temperature region. 

The followirlg cathode geometries were investi- 
gated: solid conical (Fig. 3.1), hollow conical (with 
and wrthci~t flow through the hollow section) 
(Fig. 3.21, buffered solid conical (Fig. 3.3) and the 
triple cat$aocle (Fig. 3.4). The left column of 
Table 3.1 shows the original test plan. The right 
column slaows the actual variations tested under 
the ong~nal test plan. The conical tips had an in- 
cluded angle of 90 deg, and are shown in Fig. 3.5a 
through 3.5~. The axial position of several cathodes 
was evaluated to determine its effect on the perform- 
ance. Tile axial position or gap length (Lg) used 
throughout this report is the distance from the far 
downstream part of the cathode to the intersection 

of a 1.778 cm throat diameter with the diverging 
section of the anode. The gap length (Lg) is shown 
in Fig. 3.1. The hole diameters through the hollow 
cathode were varied. 

Variation of the electrode insulator geometry was 
studied for two reasons: to control the arc attach- 
ment and to reduce or eliminate insulator erosion. 
Several of the electrode insulator geometries tested 
are shown in Fig. 3.6. 

To remove the interelectrode insulator from the 
high temperature region of the discharge and there- 
by reduce insulator erosion, a second hollow 
cathode configuration was studied. This geometry 
is shown in Fig. 3.7. The anode throat diameter 
used with this cathode was increased to 2.54 cm. 

A possible method of obtaining high arc voltages 
is the use of a buffer as shown in Fig. 3.3. The 
buffer ensures high gas pressures at the cathode tip, 
which results in high arc voltages. The buffer was 
located in a high heat flux region; thus provisions 
were required for radiation cooling to maintain the 
buffer below its melting temperature. A disadvantage 
of adding the buffer is a 2.5 kg increase of weight. 

A possible method of increasing current levels 
was tested through the use of a triple cathode con- 
figuration shown in Fig. 3.4. Three individual cath- 
odes, powered by separate power supplies, with 
common anode connections, were situated radially 
about the thruster centerline and enclosed by a 
single buffer. The buffer holes and cathode tips were 
arranged so that a virtual single cathode would be 
approximated at a distance of 1 cm downstream of 
the face of the assembly. 
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PARAMETRIC TEST PLAN 

Insulator Anode 

Cathode holder 

Scale (cm) 

Fig. 3.1 MDC X-7 thruster cathode-insulator assembly (solid conical cathode) 
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PARAMETRIC TEST PLAN 

Anode 
(tungsten) -, 

Bnsuiator 

(boron nitride) -, \ 

u 
Scale (cm) 

Fig. 3.2 MDC X-7 thruster cathode-insulator assembly (hollow conical cathode) 
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PARAMETRIC TEST PLAN 

- Insulator 
(boron nitride) 

u 
Scale (cm) 

Fig. 3.3 MDC X-8 thruster cathode-insulator assembly (solid conical cathode and buffer) 
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PARAMETRIC TEST PLAN 

Scale (cm) 

Fig. 3.4 Triple cathode assembly 
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PARAMETRIC TEST $BAR! 

Table 3.1 Parametric test scheme 

Solid conical cathode (SC) 

(a) Variation of axial position of cathode 
with respect to anode 

(b) Variation of injection ports 

Hollow cathode (HC2) 

(a) Variation of axial position of cathode 
with respect to anode 

(b) Variation of anode throat diameter 

(c) Variation of cathode outside diameter 

(d) Variation of insulator geometry 

Hollow cathode (no flow) (HCI-FO) 

(a) Variation of t ip shape 

(b) Variation of cavity diameter 

(c) Variation of axial position of cathode 
with respect to anode 

(dl Variation of test chamber pressure 

Hollow cathode (with flow) (HCI-FI)  

(a) Variation of internal hole 

(b) Variation of injection ports 

(c) Variation of cavity diameter 

(d) Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HCI-F2) 

(a) Variation of internal hole 

(b) Fixed location of injection ports 

(c) Variation of cavity diameter 

(d) Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HCI-F3) 

(a) Variation of internal hole 

(b) Variation of cavity diameter 

(c) Fixed axial position 

3 injection ports located at A or B 
or C or a combination of A and C 
for a total of 6 injection ports. See 
Figure 3.1. 

Anode diameter = 1.778, 2.540 cm 

Outside diameter = 1.904, 1.585 cm 

SC cathode modified with cavity 

Cavity diameter =0.159,0.318, 
0.476 cm 

Lg = 0.508, 0.660, 0.845, 0.99 1 cm 

P = 0.003 to 0.68 Torr 

HCI-FO cathodes modified with 
0.102 cm connection passage 

3 injection ports located at A or B 
or only the centerline passage port 
Cavity diameter = 0.159, 0.318, 
0.476 cm 

Lg = 0.71 1, 0.845, 0.991 cm 

HC1 -F 1 cathodes modified with 
0.1 59 cm connection passage 

3 injection ports located at A plus 
the centerline cavity port 

Cavity diameter = 0.1 59, 0.318, 
0.476 cm 

Lg = 0.508, 0.685, 0.845, 0.871 cm 

HCI-F2 cathodes modified with 0.236 crn 
connection passage 

Cavity diameter = 0.159, 0.476 cm 

Lg = 0.845 cm 
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PARAMETRIC TEST PLAN 

Table 3.1 Parametric test scheme (continued) 

Triple cathode geometry 

(a)  Variation of buffer material Tungsten and boron nitride were used 
to confine the arc 

Buffered solid conical (BSC) 

( a )  Variation of buffer internal hole diameter Diameter = 0.636 through 1.524 cm 

(b) Variation of cathode size Cathode tip diameter = 2.54 and 1.27 cm. 
Three 0.102 cm diameter injection ports 
were at location B 

Buffered hollow cathode (no flow) (BHCI-FO) 

( a )  Variation of buffer internal hole diameter 

(b) Variation of cathode size 

Jcb Variation of t ip geometry 

Secondary propellant control 

(a)  Variation of percentage flow through 
and around cathode 

Tests of cathode-insulator modifications proposed 
under the ongiwal test plan were completed by the 
rnlddle of the contract period. However, a serious 
problem assocrated with hollow cathode operation 
IS the lack of long term stability of the arc attach- 
ment wltl-nln the cavity (shown in Fig. 3.2). This 
c o l ~ c l ~ l s ~ o i ~  was derived from unsuccessful attempts 
to duplacdte the performance obtained earlier on a 
hollow c<ith@.de (MCl-F2), both at MDC and the 
NASA Lewis low pressure MPD facility. 

To obtain reliable long term stability, several 
other cathode-insulator modifications were made. 

Diameter = 0.636 through 1.524 cm 

Cathode tip diameter = 2.54 and 1.27 cm. 
Three 0.102 cm diameter injection ports 
were at location B. 

BSC cathodes modified with 0.318 cm 
diameter cavity 

HCI-F1 with flow through centerline 
hole only, HCI-F1 with flow through 
centerline hole plus 3 external ports at 
location A, HCI-F2 with flow through 
centerline hole plus 3 ports at location A, 
HC4-F1, HC4-F2, HC4-F3, and HC5-F2 

The tip or face of the cathode as well as the cavity 
shape were varied as shown in Fig. 3.5d through 
3.5m. Table 3.2 shows the parametric test scheme 
used for these additional variations. 

3.2 Propellant feed arrangement 

Propellant injection arrangements with flow control 
around and through the cathode were investigated. 
Figure 3.5 depicts the various passages in the cath- 
odes through which the propellant flows. Various 

14 MCDONNELL DOUGLAS Report MDC 00446. May 1977 



PARAMETRIC TEST PLAN 

(a) SC (solid conical cathode) (b) HCI-FO 

(h) HC9-B (i) HC9-C 

( k )  HC9-D (I) HC4-F1 

Fig. 3.5 Cathode geometries 
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PARAMETR IG TEST PLAN 

Table 3.2 Parametric test scheme 

HolBaaw cathode (with flow) (HC4-F1) 

(a)  Variation of cavity shape HC1 cathodes modified with a 45' 
half angle diverging cavity. 

(b) Variation of connection passage diameter -F1 diameter = 0.102 cm 
-F2 diameter = 0.159 cm 
-F3 diameter = 0.236 cm 

(c) Fixed axial position Lg = 0.845 cm 

Hollow cathode (with flow) (HC5-F2) 

( a )  Variation of cavity shape 

Ibl Variation of axial position of cathode 

( c )  Fixed connection passage diameter 

Hollow cathode (with flow) (HC600) 

(a)  Variation of cavity shape 

(b) Variation of injection ports 

(c i  Fixed axial position 

Hollow cathode (with f low) (HC6-F2) 

( a )  Variation of size 

(b) Variation of cavity diameter 

(cl Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HC9) 

( a )  Variation of t ip geometry 

bb) Fixed cavity diameter 

Ic) Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HC9-A) 

(a)  Variation of tip geometry 

Jb) Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HC9-B) 

( a )  Variation of t ip geometry 

( b )  Variation of cavity diameter 

(ci Variation of axial position of cathode 
with respect to anode 

HC2 cathode shape modified for 
secondary flow into the cavity 

Lg = 2.31, 2.54 cm 

Diameter = 0.1 59 cm 

HC1 cathode modified with annular 
cavity 

Three 0.1 02 cm injection ports into 
annular cavity 

Lg = 0.845 cm 

HCI-F2 cathode outside diameter 
enlarged to  1.908 cm 

Cavity diameter = 0.318 and 0.476 cm 

Lg = 0.358, 0.406 cm 

HCI-F2 cathode modified with fiat face 

Cavity diameter = 0.318 cm 

Lg = 0.864, 0.940 cm 

HC9 cathode modified with 10' half 
angle diverging tip 

Lg=  0.814, 0.952, 0.965, 0.990, 1.111 cm 

HC9-A cathode modified with diverging 
20' half-angle t ip 

Cavity diameter = 0.318, 0.476 cm 

Lg = 0.724, 0.8 14 cm 

Report MDC Q0446, May 1977 



PARAMETRIC TIZST PLAN 

Table 3.2 Parametric test scheme (continued) 

Hollow cathode (with flow) (HC9-C) 

(a) Variation of t ip geometry 

(b) Fixed cavity diameter 

(c) Variation of axial position of cathode 
with respect to anode 

Hollow cathode (with flow) (HC9-D) 

(a) Variation of cavity shape 

(b) Fixed axial position 

HC9-B cathode modified with 0.318 cm 
radius between cavity and diverging face of -tip 

Cavity diameter = 0.318 cm 

Lg = 0.838, I .I I I cm 

HC9-A cathode modified with a 0.4'76 crn 
diameter step in the cavity 

Lg = 0.864 cm 

Hollow cathode (with flow) (HC9-E) 

(a) Variation of cavity shape HC9-D cathode modified with the addition 
of a 0.636 cm diameter step in the cavity 

(b) Variation of axial position of cathode Lg = 0.814, 0.838, 0.889, 1.092, 1.244 cm 
with respect to anode 

(c) Variation of electrode insulator geometry Modified shape of electrode insulator near 
cathode 

Propellants 

(a) Variation of propellants 

ratios of flow rates supplied by two separate inde- 
pendently controlled feed systems were investi- 
gated in an effort to obtain fine control of the arc 
attachment. The flow through the cathode will be 
referred to as the primary flow whenever more than 
one flow is used. As a means of controlling the 
current attachment to the cathode, secondary pro- 
pellant was admitted around the cathode in addition 
to  the propellant supplied through the cathode 
(Fig. 3.8). Figure 3.6h and 3.6i show the insulators 
through which secondary propellant was admitted. 

Ammonia, nitrogen, nitrogen-hydrogen, helium, 
neon, and xenon 

3.3 Propellants 

The propellant used throughout most of this study 
was ammonia. During the investigation it bccame 
apparent that use of this propellant was at least 
partially the cause of the arc instability. Various 
ratios of nitrogen and hydrogen were then tested. 
Since the propellant was shown to affect both th 
arc stability and overall performance, additional 
tests, not originally planned, were csnduceed wit:* 
neon, helium, and xenon. 
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PARAMETRIC TEST PLAN 

(g l  Cathode insulator (h) Insulator - gas injection ( i )  l nsulator - gas injection 

Fig. 3.6 Insulator geometries 
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Fig. 3.7 HC2 - Hollow cathode geometry - with flow 
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PARAMETRIC TEST PLAN 

l nsulator Anode 
(boron nitride) (tungsten) 

Cathode holder 

0 1 2 
I I J 

Scale (cm) 

Fig. 3.8 Dual propellant flow geometry 
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4 Diiseaessisn sf experimental results 

This section presents the results of experin~ents on 
the X-7 cathode-insulator geometry modifications, 
propellant feed arrangements, and various pro- 
pellan ts. 

The various configurations were judged by their 
quantitatively measurable characteristics, mainly 
thrust performance, and on the basis of their ability 
to  retain these characteristics for extended periods. 
I11 the qualitative description of the latter aspect, 
the term "stability" will be often used. Figure 4.1 b 
shows a typical frame of the arc region during a 
stable mode of operation. The initially existing 
current distribution over the electrode surface 
(attachment) was repeatedly observed to  change 
with time at some operating conditions. In many 
cases the arc initially attached to the tip portion of 
the cathode, but after varying times of operation 
the attachment moved upstream onto the outside 
cylindrical portion of the cathode surface. This 
process (shown in Fig. 4.1 a) will be referred to as 
an "instability" and the corresponding current 
distribution will be called "unstable." Figure 4.1 c 
shows the unstable operating condition. Attach- 
ment at the rear generally caused severe erosion. 
The characteristics thereafter were col~tinuously 
changing because of the changes in geometry and 
surface properties of the eroding, melting cathode. 

4.1 Cathode-insulator 
geometry modifications 

There were 137 cathode-insulator assembly modi- 
fications of the X-7 thruster tested. These configu- 
rations may be classified into two general categor- 
ies: solid conical and hollow. Most of the variatio~ls 
involved the hollow cathode. 

4.1.1 Solid conical cathode 

It was observed during the 500 hour lifetest of 
the X-7 thruster (Ref. 2) that the voltage increased 
with time. It was also observed that the cathode tip 
was moving forward or downstream because of 
erosion of the electrode insulator. It was hypothe- 
sized that the rise in arc voltage may have been 
due to the forward movement of the cathode. To 
test this hypothesis, the axial position or gap length 
(Lg) shown in Fig. 3.1 was varied as follows: 
Lg= 0.87, 0.95, 0.99, 1.07, and 1.17 cm. The 
highest voltage was measured with the cathode 
tip in the most forward position (Lg = 0.87 cm), 
suggesting that the rising voltage during the lifetest 
could have been caused by this effect. Figure 4.2 
shows the electrical characteristics of the conical 
cathodes. Table B. 1 lists the data obtained at the 
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1 4 bl 
Stable 
attachment 
with ammonia 
HCl-F 1 

I 
I 
I (a) 

Mode 
transition 
with 
ammonia 
HC9 cathode 

t = 50min 
1 = 485 A 
v = 7 7 v  

(c) 
Unstable 
attachment 
with ammonia 
HCl-F1 
t=73,l;350 
V=76,m=4.2 

I - '  - > "-' 

(d) 
Arc 
filaments 
HC2 
t=22,1:6OO 
V=66,m=4.6 

(el 
Stable 
attachment 
in cavity 
HC2 
t=13,1=500 
v=ss.&= i o 

(fl  
10 hr test 
(moderate 

Isp) 
HC9-A 
t=597.1=400 
~ = 5 5 . $ = 1 0  

Fig. 4.1 Photographs of arc attachments 
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five axial positions. The three propellant injection 
ports in the above five cathodes were at position 
(C) as shown in Fig. 3.1. The injection ports in the 
500 hour lifetest cathode were at location (B). On 
several of the cathodes, particularly on those with 
the short gap lengths, the arc discharge transferred 
behind the injection ports and caused local melting 
of the cathode. To circumvent this problem, three 
extra holes were added at location (A). These 

holes were located azimuthally between the down- 
stream injection ports. This cathode was tested at 
an axial position (Lg) of 0.87 cm. Table B.2 lists 
the performance data obtained on this catlrode. 
The electrical characteristics, shown in Fig. 4.2, 
indicate that this cathode had the highest voltage a;' 
the solid conical cathodes. The perfsrn~ar~ce and 
stability of the six hole cathode was the highest of 
the solid conical cathodes. 

Arc 
voltage 

Fig. 4.2 Electrical characteristics of solid conical cathodes 
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Since placement of the injection ports at the rear pellant flow rate to  4.6 mg/sec. The arc attachment 
of the cylindr~cai section resulted in some perform- was observed to move from the outside diameter 
mce improvement, a cathode with only three into the hollow section of the cathode. When this 
holes placed at  location (A) in Fig. 3.1 was tested arc movement occurred, the exhaust narrowed into 
&it ,In axial position (Lg) of 0.95 cm. Table B.3 a tight beam approximately 3-4 cm in diameter for 
shows these performance data. The thrust perform- a length of roughly 20 cm downstream of the 
bince was less than that of the six hole cathode. thruster. Performance measurements obtained dur- 

The tests conducted on the solid conical cath- 
odes showed that the overall performance was 
,~ffected little by the axial position of the cathode. 
The arc voltage increased, and consequently higher 
i n p ~ ~ t  power could be achieved, with the smaller 
electrode gdps. 

4.1 -2 HoIIIow cathode (HC2) 

In order to remove the eIectrode insulator from 
rhe h1g41 temperature region of the discharge and 
Lhereby reduce insulator erosion, a hollow cathode 
conf~guration was studied. This geometry, desig- 
abed HC2, 1s shown in Fig. 3.7, and consists of a 
4nngie pnece tungsten electrode wherein all of the 
propeilani- waq passed through the hollow section. 
An earller X-7 anode was used in this design. The 
initial tests of the PIC2 geometry were conducted 
witla an anode throat diameter of 2.54 cm. The 
dxial posiciun (Lg) variation consisted of the fol- 
lowing 3 14, 3.05, 2.82, 1.70, and 1.40cm. 

Unstable arc operation was encountered during 
,111 btit one of the 11 different tests. At flow rates 
~f 53 and 40 mglsec stable operation was achieved 
s1t several cdrrel~tlevels. These data are shown in 
Table B.4. Visual observations of the cathode indi- 
cated that the cathode was uniformly heated, and 
ernissio~a appeared to be uniform from the outer 
diameter Llnd from the forward rounded edge. At 
higher currznts, distinct arc filaments could be seen 
5eetween the rounded edge and the upstream corner 
of the anode throat section (Fig. 4.1 d). These fila- 
ments were formed sporadically and caused local 
melting of the anode at the upstream corner. 

Stable operation was achieved after some initial 
Instabili'cjr during one test by lowering the pro- 

ing this period are presented in Table B.5. There is 
a possibility that entrainment of ambient gas into 
the acceleration region was occurring during the 
test. The background pressure was 4.6 x 1 0-3 T o n  
Three noteworthy observations were made: (a) the 
measured specific impulse levels of the radiation 
cooled thruster were above 4000 sec for ammonia; 
(b) the thrust efficiencies at 500 and 600 A condi- 
tions were the highest achieved for ammonia in a 
radiation cooled thruster; and (c) the thrust-to- 
power ratios decreased with decreasing flow rate 
as would be expected from mass flow rate trends 
found at higher flow rates. The significant fact here 
is the high voltage obtained at a corresponding low 
flow rate. The X-7 thruster operation at 30  kW in- 
put power with 5.0 mg/sec was prohibited since 
currents above 900 A would be required. Thus in 
effect, the measured high performance was con- 
sistent with past MPD performance; the difference 
was that the HC2 cathode allows operation in a 
region which could not be reached with the solid 
conical cathodes. 

Attempts to  duplicate the above performance 
for long periods of time were unsuccessful. Arc 
attachment within the hollow section was attained 
for approximately 5 min and recorded on film 
(Fig. 4. le);  however, filament formation between 
the outside diameter and the upstream throat area 
prevented thrust measurement. 

The anode throat diameter was rebored to 
3.18 cm in an effort to  increase the separation dis- 
tance in the region where the arc filaments were 
formed. Several attempts were made to  obtain 
thruster performance on the HC2 cathode with 
only slight success. Stable arc operation could be 
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obtained for periods up t o  30 min with current 
emission on the internal diameter of cathode; 
subsequently the discharge would transfer abruptly 
to  the outside diameter of the cathode necessitating 
termination of the test. A modification to the 
cathode insulator to  shield the outside diameter 
of the cathode allowed stable operation for periods 
sufficiently long to  obtain thrust data; however, 
insertion of the thrust.killer caused the attachment 
to  shift to  the outside diameter. Successive restarts 
enabled the data shown on Table B.6 to  be recorded. 

No significant increases in efficiency or in arc 
voltage were recorded with this cathode configura- 
tion. In view of the difficulties encountered no 
further tests were made on this geometry. 

4.1.3 HoDlow cathode (MCI-FO) 

To increase the cathode arc attachment spot 
area while maintaining a relatively sharp edge, the 
HC1-FO (Fig. 3.5b) geometry was conceived. This 
cathode series is simply the solid conical cathode 
with a blind hole located 011 the axis to  a depth of 
0.953 cm. No propellant flows through this blind 
hole or cavity. The cavity diameter shown in 

sented in Table B.9. These data were obta~ned wllh 
a Lg setting of 0.845 cm. Figures 4 3 tlnroil, oh 4.5 
show the electrical characteristics of the 11-rsee HCi- 
FO cathodes at a common Lg distance of 8 845 err- 
Several features of these data co~~t ras r  wlkh the 
electrical characteristics of solid conlical cdt11odcs 
(a) the range of stable arc operation was sornetvhat 
narrower than achieved with solid cat i~odcs (data 
acquisition was attempted for currenlrs betwee3 
300 and 600 A), (b) at the higher cur-reitls a posl- 
tive characteristic was obtained, and (c) the voltdge 
at higher currents generally increased wrth decreas- 
ing mass flow. 

The effect of a variation of Lg on the HCB-FO 
cathode with a 0.476 cm cavity was next anvesll- 
gated. Values of Lg tested were 0.998, 0 845, 0 660, 
and 0.508 cm and the performance d ~ t a  obrdlned 
are presented in Tables B.9, B. 10, B 13. and 8 n2, 
respectively. Operation was somewhat err2t1c dit 

the two shortest gaps with thrust perfor1nat:cc 
comparable to  the solid conical cathode<, Figtires 
4.6 and 4.7 show the effect of Lg varratron an arc 
voltage. The highest voltage was aln-~ort ; i i v ~ ~ y s  rc- 
corded on the cathode with Lg = O 845 cm 

Fig. 3.2 was varied as 0.1 59, 0.3 1 8, and 0.476 cm. The high specific impulses recordcd on t i ~ c  1101- 

Table B.7 shows performance data for a HCl-FO 
cathode with a cavity diameter of 0.159 cm. The 
arc voltages recorded are generally higher than ob- 
served on solid conical cathodes at comparable 
operating conditions; however, the thrust-to-power 
ratios are slightly lower. 111 addition, the arc dis- 
charge became unstable at currents above 500 A. 
Table B.8 shows the data obtained on the HC1-FO 
cathode with a cavity diameter of 0.3 18 cm. The 
data of Tables B.7 and B.8 were taken with an axial 
distance (Lg) of 0.845 cm. The performance is 
slightly reduced from the smaller cavity data and 
the arc voltages are also lower by several volts. 
Mode changes were encountered at currents around 
600 A with a voltage difference of -- 20-25V be- 
tween modes. 

low cathode geometry with mass flow rates nc,)r 
5 mg/sec are subject to possible errcsr bc2,iuie of 
entrainment of ambient gas into th:, acceles-atron 
region. To explore this possibility a test of the 
HCl-FO (0.476 cm cavity) cathode was ~ o r ~ d u ~ t c c l  
during which the thruster arc current, ~-i-i,ac\ flow 
rate, and magnetic field were held co~~s l , i~ i t  L U I ~  the 
background pressure was varied by ~ n t r o d r ~ ~ r n g  C O E L  
ammonia downstream of the thruster but L I P S ~ F C ; ~ ~  

of the vacuum pumps. The data ob%inecl dixmr~g 
this test are shown in Table B. 13. The vol~cige, 
thrust and power decreased as the backgrouizd 
pressure increased resulting in a lower thrdst-to- 
power ratio. The test conducted here wds 1106 
sufficient to  determine the effects of c ~ ~ t r a ~ r ~ l a ~ c n t  
It is worthwhile to  note, however, that the trend 
observed has been reported by ConnoEBy and Sovre" 

The thrust performance obtained on the HC1-FO for ammonia propellants at roughly two orders of 
cathode with a cavity diameter of 0.476 cm is pre- magnitude lower background pressure. 
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HC1-FO Cathode 
0.158 cm Internal hole diameter 
Lg = 0.845 CM 

80 

70 

60 

50 

7 0 

Arc voltage (V) 

60 

Arc current (A) 

Fig. 4.3 Electrical characteristics, HCI-FO cathode (0.158cm i.d.) 
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Arc voltage (V) 

Arc current (A) 

Fig. 4.4 Electrical characteristics, HCI-FO cathode (0.316cm i.d.1 
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HC1-FO Cathode 
0.476 cm Internal hole diameter 
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Arc voltage (V) 

50 

Arc current (A) 

Fig. 4.5 Electrical characteristics, HCI-FO cathode (0.476cm i.d.) 
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Arc voltage 

HCI-FO cathode 
0.476 cm internal hole diameter 
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Fig. 4.6 The effects of (Lg) on arc voltage, HCI-FO cathode (0.476 cm i.d.1 
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Art: voltage (V) 

50 

HC1-FO Cathodes 
0.476 cm Internal hole diameter 

Arc current (A) 

Fig. 4.7 T h e  e f f e c t s  of ( L g )  on arc v o l t a g e ,  HCI-FO c a t h o d e  (0.476cm i.d.) 
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4.1.4 HolBow cathode (WC1- F1) 

To increase the propellant flow rate into the 
cathode arc attachment region, the HC1-F1 cath- 
ode was modified by drilling a 0.102 cm connec- 
tion hole between the cavity and the propellant 
passage, thereby admitting a portion of the propel- 
lant flow through the cavity. Tables B. 14 through 
B. 16 show the performance data for HC1-Fl cath- 
odes (Fig. 3 . 5 ~ )  with 0.159, 1.3 18, and 0.476 cm 
cavity diameters situated at an Lg distance of 
0.845 cm. Stable arc operation was generally 
achieved only at the lower mass flow rates. Volt- 
ages as high as 80 V were recorded on the cath- 
odes with the 0.159 cm diameter cavity. Specific 
impulse values approaching 10,000 sec were 
measured with this cathode configuration at the 
rather modest current level of 450 A. 

Further tests were made with the HC1 -F 1 cathode 
in the dual propellant feed configurations. Discus- 
sion of these will be presented in Section 4.3. 

4.1.5 Hollow cathode (HG1-F2) 

The HC1-F2 cathode is similar to  the HC1-F1 
except that the connection passage diameter was 
0.159 cm, and the cavity diameters were 0.159, 
0.3 18 and 0.476 cm. 

at comparable conditions. The 30 and 40 mg/sec 
thrust-to-power data are approximately equal to 
those obtained with the other hollow cathodes.. 

The HC1-F2 cathode with a 0.476 cm diameter 
cavity yielded the performance shown ir Table 
B. 19. The thrust-to-power ratios are again somewhat 
higher at flow rates of 4 and 10 rng/sec: however, 
the 20, 30, and 40 mg/sec data are nearly equal to 
the bulk of the hollow cathode data. 

The decrease in arc voltage with increasing cavikg 
diameter reported on the HC1-FO and HC W-F I. 
cathodes was also obtained on the MCB -F2 cath- 
ode. The tests described above were made at an 
electrode gap Lg value of 0.845 cm. A tesi of the 
0.476 cm cavity HCl-F2 cathode was alse 111ade at 
Lg values of 0.685 and 0.516 cm. Tables B.20 and 
B.21 show the data obtained which have 2 narrow 
specific impulse range because of stability prob- 
lems at Lg values smaller than 0.845 cm. The volt- 
ages recorded indicate again that a broad maxirnum 
exists near a Lg value of 0.845 cm. 

The HCl-F2 cathode was used also in  the dual 
propellant feed tests, the results sf- whBcPl arc pre- 
sented in Section 4.3. 

4.1.6 Holiow cathode (HCI-F3) 

The HC1-F2 cathode was modified by c~~iarglng 
Table B. 17 shows three data points obtained 

the connection passage diameter to 0.236 cm. Oper- 
with a cathode having a 0.159 cm cavity. The sta- 

ation of the HC1-F3 cathode was very erratic. Only 
bility range of this configuration was limited to 

the largest cavity diameter (0.476 crn) catirrode was 
these three points because of intermittent changes 

sufficiently stable to  obtain perforrnar-ice &la. The 
in attaclnlent from the cathode tip to  the base of 

axial position had an Lg of 0.845 cm. The data sb- the cathode. Performance values were almost iden- 
tical with the smaller connection hole cathode tained for this cathode are listed in Table B 22 and 

show thrust-to-power ratios comparable to the (HC 1 -F 1 ), although the voltage was reduced some- 
what by the increased flow through the hollow other cathodes tested. The arc voltage w;,s r~dl iccd  

section. somewhat to  40-45 V. 

Table B. 18 shows the performance on the HC1- 4.1.7 Hollow cathode (1-16600) 

F2 cathode with a cavity diameter of 0.3 18 cm. In a further attempt to  increase the propellaiil 
This cathode possessed a wider range of stability mass flow in the cathode arc attachment rcgron, 
than the previous hollow cathodes tested. The the HC600 cathode (Fig. 3.5d) has a n  al~x~rtldr cab- 
thrust-to-power ratios for mass flows of 4,  10, and ity with three connection passages supplyir-ug the 
20 mg/sec are higher by approximately 0.002 N/kW propellant. The injection ports in the cyirr~drlcal 
than those obtained on the other hollow cathodes section were omitted. 
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Table 8.23 shows the performance obtained with 
"re HCCIOO cathode during the initial test which 
operated Tor 5 1 min. The exhaust of this cathode 
had a parlicularly tight cathode jet as compared to  
"LC prevaous caitlzodes; however, the performance 
:t sn = 20 ~a~glsea: was significantly below previously 
tested cathades. Inspection of the cathode after 
tiils test sllowed that the center plug had eroded 
le'iving rhc plug rounded and recessed approxi- 
inatcly 1 nlrn 

After t ' le lrsitial test a second test was made on 
the same HC6OO cathode without any modification 
or repair This test was started at a mass flow of 
4 6 rng/sec and tlien increased to  40 mg/sec. After 
70 anin of operation the center plug of the cathode 
iviis ejected froni the cathode and the test was 
 enm mi mated The results of this test are presented in 
Table B 24 The performance at 4.6 mg/sec appears 
to bc the hest obtained thus far; however, the data 
it h~gker flows were well below those obtained on 
xevnous cathodes. The high erosion characteristics 
s f  the HC600 cathode indicate that this cathode is 
~iris~istdbic for operation in the 2000 to 3500 sec 
specific ir~~pulse range. 

4-1 -8 HoiIlow cathode (HC6-F2) 

Efforts t o  mcnease arc voltage by changing the 
nethods oi gaq ~njection proved t o  be unsuccessful. 
An d1tern'itav.e means of increasing the voltage was 

onire'ps,: "she  'inode throat diameter. An X-7 
mode was ~ n o d ~ f ~ e d  to increase the throat diameter 
o 2 54 ;I I The cathode was enlarged to a 1.908 cm 

ontsrde dl~meter  This cathode, designated HC6-F2 
Fag 3 Sea, w ~ s  ;in enlarged HCI-F2 type cathode. 

The outer injection ports were omitted, so the pro- 
ne88,lnt was rnjected only through the axial cavity. 
The ~ a v ~ t y  d~ameter was varied as 0.3 18 and 0.476 cm. 

A total of s ~ x  tests were made on this cathode- 
d110de conf~guratlon. Tables B.25 through B.27 list 
the perfornaance data obtained on the HC6-F2 
cathode a~ t  various axial positions and cavity diam- 
c"rrs. Several ~nornalies were noted. First, the 
cathode surface was found to  be extremely rough- 
incd and eroded compared with previous cathodes, 

and second, the arc voltage did not show the posi- 
tive characteristics with arc current at 4.6 mg/sec 
as recorded on other hollow cathodes. The increased 
erosion and low arc voltage (40-60 V) observed on 
this cathode were recorded at only moderate arc 
current levels (200-600 A) and led to the suspicion 
that some impurities were present in the tungsten 
cathode, or were introduced into the propellant 
flow system. A second cathode was fabricated from 
a new tungsten billet and when tested for a short 
period resulted in erosion similar to  the first cathode. 

A thorough leak check of the ammonia propel- 
lant inlet flow system was carried out next. A small 
air leak was detected at one of the solenoid valves 
in the flow system. This small leak permitted air 
entry in the flow inlet whenever the propellant mass 
flow was less than 15 mg/sec. The solenoid valve 
was replaced and the 2.54 cm throat engine was 
operated with the HC6-F2 cathode. At a mass flow 
of 5 mg/sec and an arc current of 300 A, the arc 
voltage was about 1 13-1 17 V. At this arc voltage, 
various corona or plasma glows appeared about the 
engine and thrust stand, and after a period of sev- 
eral minutes breakdown occurred across the bus bar 
terminals at the top of the thrust stand, and the 
test was terminated. 

4.1.9 Hollow cathode (HC9) 

Since little progress was made in attaining long 
term stability with the HC1 type cathodes, a new 
cathode design, designated HC9 (Fig. 3.5f), was 
tested. The conical tip or the HC1-F2 was replaced 
with a flat face and the outer injection ports were 
eliminated. This cathode had a cavity diameter of 
0.3 18 cm and a connection passage diameter of 
0.159 cm. 

The thrust readout of the HC9 was noisy com- 
pared with the solid conical cathodes. Visual ob- 
servation of the cathode showed the arc attach- 
ment to move sporadically on the downstream face. 
The stability range of this cathode was somewhat 
greater than that of the HCl cathodes. At the high 
arc currents the arc attachment tended to shift to 
the outside diameter. The introduction of the thrust 
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killer into the exhaust occasionally caused the same shape which the cavity assumed a f t x  approxi~r-iately 
type of arc shift. A reduction of the arc current 10 hours of testing. Nevertheless, the RC9 catllodc 
usually allowed reattachment of the discharge in produced some improvement in stablhty ~ i v e r  puc- 
the cathode cavity. vious hollow cathodes. 

Because of the arc attachment shifts, the accuracy 4.1.10 Hollow cathode (HC9-A) 
of the thrust data is subject to  question. Table B.28 

Encouraged by the stability improv;rnesrt ob- 
presents the performance data obtained during a 

served with the HC9 cathode, a similar gcoltaetry, 
test with a Lg of 0.940 cm; the performance as re- 

the HC9-A (Fig. 3.5g) was tested. The HC9-A 
corded is somewhat lower than the HC1-F2 results. 

cathode had a 10 deg inverted conical face rather 
The arc voltage characteristic of the HC9 cathode 

than the flat one of the HC9 cathode. This cl-nange 
was extremely sensitive to  mass flow rate in the 

in the cathode geometry improved the catlaode 
range of 10 t o  4 mg/sec as is shown in Fig. 4.8. 

attachment stability significantly arid resulted ril 

In several instances the arc attachment could not operation over a wider range of mass RCW rates 
be returned to  the cavity, so the thruster was shut than the HC9 cathode. Table B.30 shows the perS- 
down, allowed t o  cool and subsequently restarted. formance data obtained in the first run of thc 
Table B.29 presents data obtained on the HC9 cath- HC-9A cathode. These data were enc~ur~agrng; How- 
ode taken over several start and stop cycles. The ever, performance data (Table B.3 1 )  obt'zai~ed the 
poor reproducibility of the thruster performance next day at the same conditions showcd J degradd- 
may have been due at least partially to the irregular tion in overall efficiency of - 10%. To d?tcrrnl*~e 

Arc 
:age 

100 200 300 400 5 00 7 00 

Arc current (A)  

Fig. 4.8 Electrical characteristics of HC9 cathode 
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tlie extent sf the degradation as a function of test 
duration, el 10 hour test of this cathode was con- 
aucted at a :~omi~~aP specific impulse level of 3400 
sec. The performance results of that test, shown in 
Table B.32, are in fair agreement with results ob- 
tdined d t a ~ n g  the second run of this cathode. The 
rssults suggest that the performance degradation 
B2veSed off after the first run of the cathode. Fig- 
L re 4 I f  1s a frame showing the arc region during 
operatioil. Figure 4.9 is a photograph of this cath- 
ode taken after the 10 hour test. 

Fig. 4,9 kK9-A Cathode after 10 hour duration test 

The effects of the cathode length on the HC9-A 
;a-lhode performance were investigated. The inter- 
slectrode gap (Lg) was increased t o  a value of 1.1 1 
;m f i~ r  the test data shown in Table B.33. Compari- 
son of these data with the performance obtained 
earlier with a gap setting of 0.87 cm shows little 
difference in performance. However, the increased 
gap did allow operation at a mass flow of 30 mglsec 
which was not possible with the smaller interelec- 

trode gap. Stable operation at 30 mglsec could not 
be obtained during the last test of this cathode. 

Although several variations of the HC9 series 
cathode were tested and are discussed below, the 
HC9-A cathode was the best configurat~on found. 
For this reason, this geometry was selected for two 
additional 10 hour tests of the X-7 thruster. The 
tests were made on ammonia to  document the long 
term performance of this cathode at high and low 
specific impulse values. 

The goal of the first test was to operate at a 
specific impulse value of 6500 to 7000 sec at a 
mass flow rate of 4.6 mg/sec. Stable operation was 
achieved up to a current level near 400 A; however, 
the discharge moved out of the cavity section 
sporadically upon further increase in current. The 
mass flow was increased to 7 mg/sec and the mag- 
netic field was reduced to 0.08 tesla to stabilize 
the cathode attachment within the hollow section, 
at the expense of a reduced specific impulse. Aftzr 
6 hours of operation, the mass flow was reduced to 
4.6 mg/sec with some visual indications that a por- 
tion of the discharge was attaching to the outside 
diameter of the cathode. Figure 4. lg shows a typi- 
cal frame of the arc region during operation. At- 
tempts to  further reduce the mass flow below 4.6 
mglsec resulted in some melting on the outside 
diameter of the cathode and consequently the mass 
flow was held at 4.6 mg/sec for the remainder of 
the test. Table B.34 shows the performance data 
taken during the above test. Figure 4.10 is a photo- 
graph of the HC9-A cathode after the 10 hour test, 
and indicates the extent of melting and erosion 
caused by the attachment to the outside diameter. 

The results of the test indicate that the high 
specific impulse values reported earlier on this 
cathode over short duration tests cannot be main- 
tained for periods on the order of several hours. 

The second 10 hour test was made with a goal 
of operating the HC9-A cathode at high ammonia 
mass flow and low specific impulse. The test was 
conducted at a mass flow of 75.5 mg/sec and an arc 
current level of 550 A. Table B.35 presents the 
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Fig. 4.10 HC9-A Cathode after 10 hour test at high specific impulse 

performance data obtained during this test. As indi- 
cated on Table B.35, the applied magnetic field 
was increased to  0.14 tesla after 3 hours of opera- 
tion to  increase the voltage and power levels. The 
arc voltage readout throughout the test was erratic 
with slow fletctuation occurring between 35 and 
45 V. Visual observation and motion pictures (Fig. 
4.1 h) of the cathode indicated that the cathode 
attachment was taking place on both the down- 
stream face and the outside diameter. A photograph 

diameter with attendant me1ti;ig and erosion. 
Operation at this condition for lol~g duration 
is definitely not possible. 

@ Moderate specific impulse test - Operation at 
3400 sec specific impulse with arr overall 
efficiency of 24% is feasible. Cathode erosion 
was negligible although some nmelring of the 
cathode face was indicated. The poss+bSEity of 
long duration use is considered good. 

(Fig. 4.1 1) of the HC9-A cathode after this 10 hour 
@ Low specific impulse tests - Oper )+I CI: 7 at a 

test shows that some slight erosion occurred on 600 sec specific impulse rang:: for 10 hours 
the outside diameter. 

was achieved; how eve^, the ars stab IAfy appears 
The results of the three 10 hour duration tests marginal for a long duration. In ad2iiicn. the 

conducted on the HC9-A cathode are summarized overall efficiency level is too low to tie of 
below: much interest. 

@ High specific impulse tests - High specific The HC9-A cathode was also tested w;th varsous 
impulse could not be maintained for periods insulator geometries and various propeliarits. The 
greater than several hours. Cathode instability results of these tests are reported i.iz Sectvo~ss 4.1 15 
resulted in arc attachment to  the outside and 4.4. 
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Fig. 4.1 I HC9-A Cathode after 10 hour test at low specific impulse 

4.11 1 H-liollobv cathode (HCS-B) the outside diameter of the cathode. The tempera- 
tures for an emissivity of one, uncorrected for The incrcase 4n thrust efficiency gained by invert- 

.ng the ca-ehode face L 0 deg prompted a test of a window losses (estimated to be approximately 100 K), 

20 dcg ifi~ierted cone cathode QHC9-B) shown in are given below: 

Fig. 3.5h. Unfortunately, this modification merely 
2ecreased the stclbility range of this cathode as 
compared to the HC9-A cathode. Table B.36 pre- 
e n t s  the !~~nihed performance data obtained on 
this configu:a:ion. The results of the tests of the 
1329 type cathode suggest that the range of geom- 
z t ~ y  where stable operation is achieved is quite 
?arrow drid IS located near a geometry which has a 

Temperature 
Arc Arc NH3 (internal 

current voltage flow rate corner) 
(A) (V) (mglsec) (K) 

Temperature 
(outside 

diameter) 
(K) 
- 
- 

2590 
2650 

18 deg ixli erted conical surface. 

I'cmpei-atares of the HC9-B cathode front sur- 4.1.12 Hollow cathode (HC9-6) 

'.ace were rnn,asured during the last four conditions An additional cathode geometry, the HC9-C 
shown ill Table B.35. Temperatures were obtained shown in Fig. 3.54 was tested. This cathode con- 
by means of a pjrsometer, at the juncture or corner sisted of a bell mouth shaped cavity. The operating 
"ormed by the cavity and inverted conical face sur- stability of this cathode was quite poor and no per- 
:ace aiiC also 39 the inverted conical face close to formance data were obtained. 
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4.1.13 Hollow cathode (HC9-D) sulators used in this investigation were made of 

Observation of the HC9-A cathode showed that 
the arc attachment on the cathode under stable 
conditions occurred a t  the corner formed by the 
10 deg inverted face and the cavity. Since the arc 
attachment on a corner appeared to  be a preferred 
mode, the HC9-A cavity was modified with a step 
thus providing an additional corner. This modifica- 
tion, designated HC9-D, is shown in Fig. 3.5k. The 
HC9-D cathode was difficult t o  start and stability 
was achieved only over a narrow range of arc cur- 
rents. The discharge moved to  the outside diameter 
of the cathode after insertion of the thrust killer 
and necessitated shut down of the thruster. Several 
starts were made at various flow rates with little 
success. During stable operation the arc was attached 
to  both steps. No performance data were taken on 
this cathode. 

4.1.14 Hollow cathode (HC9-E) 

The HC9-D cathode was modified with an addi- 
tional step or corner in the cavity. This three cor- 
nered cavity cathode is the HC9-E (Fig. 3.5j). The 
stability range of tlzis cathode was much wider than 
that of the HC9-D cathode. Table B.37 shows the 
performance data obtained on the HC9-E cathode. 
The efficiency recorded on this cathode is slightly 
less than that obtained on the HC9-A cathode con- 
figuration and as such does not represent an im- 
provement. Visual observation of the cathode indi- 
cated that the arc attachment was predominantly 
on the downstream corner rather than on the in- 
ternal steps. During initiation of the HC9-E cathode 
test, when argon comprised the majority of the gas 
flow, the arc attachment was seen to  be evenly 
distributed on each of the three cavity corners of 
the cathode. After switching to  ammonia flow, the 
arc localized on the downstream corner. 

4.1. I5 l nsu larors 

HBR grade boron nitride. 

The geometrical changes of the insularor were 
made with three purposes: first, t o  cliar~ge ~ E P C  
position of the cathode, second, to  r e d ~ c e  or elran- 
inate insulator erosion, and third, to conkro; arc 
attachment. The only way to  satisfy the second 
purpose completely seems to  be elie-nination of the 
insulator from the arc region. Sucl~  an approach was 
taken with the HC2 hollow cathode geometry 
(Fig. 3.7). The arc was observed to  be a ~ t a c i ~ e d  to 
the bearing plate and also at the interface of the 
cathode and bearing plate. A closely fntted .ansuBato~ 
covering the bearing plate and cathode collar was 
necessary to  eliminate arc attacl~n-lent in t h a t  
region. The insulator life was prolonged with this 
arrangement; however, the cathode atiachment 
could not be easily stabilized. 

Using an insulator to  serve the tllrrd ptax-pose, a e 
t o  control the arc attachment, was &CS\ fr ~ ~ t i e n h  
Figure 3.6a shows the insulator used throughout 
most of the tests. When operating In the unstable 
mode, the arc seemed t o  prefer to ztb,~cl~ to the 
cathode outer surface just under the ~nsukd-cor. 
Several geometries were tried which rcp~escnl  I I I I I JO~ 

modifications of the X-8A insulator (Fig 3 6b 
through Fig. 3.6f). The X-8D insulator wds dc- 
signed to  constrict the area of arc attach ~ i c n t .  It 
did accomplish the constriction, but only for a 
short time because the lip eroded away From ob- 
servation of these and other insulator5 it appears 
that shielding the cathode with an ~ n s ~ i l d t o r  I S  not 
the proper approacl~. 

Figure 3.6g shows an insulator used with tile 
large throat anode. Figures 3.611 and 3.61 skzow 111- 
sulators with secondary propellant passages. Thrs 
approach was another schcme used to corrtrol the 
arc attachment and will be discussed f i i l*t l i~~-  i n  

The insulator located between the electrodes Section 4.3. 
(Fig. 3. I )  must form a gas seal at the electrode to  
insulator interfaces, and it also positions the cath- In conclusion, no significant improvement En in- 
ode relative to  the anode. All of the electrode in- sulator geometry was achieved. 
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4.2 Buffered cathode 

Seve~dl tcst4 of d solid conical buffered cathode 
were ~n,ide in thruster configuration designated 
X-8, ,is shown In Fig. 3.3. Generally the buffer 
,erves to ensure lugher gas pressures at the cathode 
t ~ p  and ;on;lequently higher arc voltages. 

Both holiow and solid conical cathodes with tip 
ci~~a~ncters of 1 27 and 2.54 cm were tested with 
buifers Trlc tungsten buffers were 0.635 and 
2 223 cnl long. The buffer throat diameter was 
v,trlcd from 0.636 to 1.524 cm. 

SIlglatBy iuglrer thrust-to-power ratios were ob- 
liti;;cd o l  1111s configuration as compared to  the 
X-7 t l ~ r ~ i s t e r  However, the buffer throat erosion 
I,VCIS i n to l e~~ ib l e  a t  any current above 200 A. 

4.3 Dual propeilant feed 

T h z  '~rrangcn~ent  for supplying dual flow is shown 
in Fig. 3 8. I t  cor~sists of two additional inlet ports 
iocLitcd :n the boron nitride electrode insulator. 
Separate Slow control and metering were provided 
;hrough t l ~ e  primary (through cathode) and through 
tile second,iry (around cathode) flow systems. 

T i ~ c  pcrfonn,iizce data obtained with primary 
' iow only 'ire ihown in Table B.38. The arc voltage 
J~ir111g 11115 tcst WLLS the highest thus far recorded on 
,he X-7 tltr~lsler Upon increasing the arc current, 
he vnltcigr: would increase abruptly then drop back 

, ~ b a ~ ~ t  7%. Ttrc drop in voltage appeared t o  corre- 
ate wltll thc tlrne required for the cathode tempera- 
twe to adjust to the increased current which was 
*he ordci of a fcw minutes. The voltage initially re- 
Lorded .it t i l e  500 A condition and listed in Table 
"338 was 101 V 

The thniister W ~ S  started with primary flow 
L i ~ ~ ~ ~ l g l i  t1-i~ c,~tlrode and then secondary flow was 
~ ~ t r o d ~ i c c d  dro~iild the cathode. A stable discharge 

v~7.vas obk,iined with the primary flow over a range 

of flow rates; however, the cathode attachment 
would move from the cavity to  the outside diam- 
eter when the secondary flow was introduced. Upon 
shutting the secondary flow off, the discharge could 
be made to  move back inside the cavity by reducing 
the primary flow. Table B.39 shows the perform- 
ance data obtained with only the primary flow. 

Comparison of the data of Table B.39 with data 
0-btained on the HC1-F1 0.158 cm cavity cathode 
(Table B. 14) indicates that improved performance 
is obtained when all of the propellant is introduced 
through the hollow section. An increase of approxi- 
mately 10% in the thrust-to-power ratio is obtained 
when the three injection ports are omitted from 
the cathode. 

The stability problems encountered with second- 
ary injection on the above cathode were circum- 
vented by using the previously tested HCl cath- 
odes. Introduction of secondary propellant was 
accomplished, however, at the expense of com- 
plete control over the primary flow caused by the 
three injection ports. It appears that the secondary 
flow must be injected at the juncture of the cylin- 
drical section and the ramp angle to  prevent arc 
filaments behind the injection location. Table B.40 
presents the performance data obtained with a 
HC1-F1 cathode possessing a cavity diameter of 
0.476 cm, over a variety of primary and secondary 
flow rates. Several features of the data are evident. 
First, the voltage levels for all mass flows are rela- 
tively low, and second, the best performance is 
achieved when the majority of the flow is intro- 
duced through the primary flow circuit. Thrust-to- 
power ratios are approximately 10-1 5% lower when 
the total flow rate is injected through the second- 
ary as compared with the primary system. The low 
voltage levels were disappointing since it was hoped 
that higher voltage associated with low primary 
flow rates could be maintained with high secondary 
flows: this was not the case with the cathode 
tested. 

Table B.41 shows the performance data obtained 
with a HC1-F2 cathode having a 0.476 cm diam- 
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eter cavity. The performance is similar to  that ob- 
tained with the previous cathode. 

A second attempt to  operate without the three 
injection holes at the base of the HC 1-F 1 (0.476 
cm cavity diameter) cathode was made. The elec- 
trode gap was reduced t o  Lg = 0.813 cm. Stability 
was obtained with mass flow rates to  20 mg/sec 
.through both primary and secondary flow systems. 
Transfer of the arc attachment from the cavity to 
the outside diameter of the cathode occurred when 
the primary mass flow rate was increased above 
30  mglsec. Table B.42 shows the performance data 
obtained with this cathode. The data points with 
only primary flow compare well with the data for 
the HC1-F2 cathodes with the base injection holes. 
The secondary propellant introduction caused a 
degradation of the thrust performance. 

The next configuration tested was the HC4-Fl 
cathode shown in Fig. 3.5Q. The shape of the cath- 
ode tip conforms to  the geometry which the 
HC 1 -F 1 cathodes assumed after several hours of 
operation. The connection hole identification is 
the same as for the HC1 cathode (i.e., F 1 = 0.1 58 
cm). Table B.43 shows the data obtained with this 
cathode. Primary mass flows up to 50 mg/sec could 
be operated with good arc stability; however, the 
arc voltages were low, falling in the range of 45 to 
50 V. Increasing mass flow increases the thrust-to- 
power ratio to a saturation value of 0.02 NIkW, at 
a flow rate of 30 mg/sec. 

Tables B.44 and B.45 show the performance re- 
corded on the HC4-F2 and HC4-F3 respectively. 
The thrust-to-power ratios are slightly below the 
HC4-F1; however, the difference lies within the 
probable error in the data. 

The HC4 cathodes acted similarly to the HCl-F2 
which has provided good performance. Thus it is 
concluded that the shape of the entrance to the cav- 
ity section does not significantly affect the overall 
performance level. 

The dual flow cathode data obtarned thus far in- 
dicates that introducing the total Wow ~ n t o  the 
hollow section provides the best perforrna~~ce Im- 
proved overall efficiency in the Isp range of 2000 
to  3500 sec appears to  require mass flows above 
20 mg/sec coupled with increased powcr anputs to 
levels near 40 kW. Only the HC4 cathodes have 
allowed operation at primary mass Row rate above 
20 mg/sec with good stability. however, t h ~ s  opera- 
tion was accompanied by low arc voltages and 
hence low efficiencies. 

The HC5 cathode shown in Fig 3 5m was de- 
signed to  introduce the secondary flow rrto the 
arc attachment region. Several attempts have been 
made to operate this cathode stably. Thc f~rs t  
attempt was made wtth the standard X-7 mote 

with a 1.7 cm anode throat diameter Arc frlclzraer~ts 
between the forward edge of the cathode and the 
upstream corner of the anode thl-odt p3 ever-atcd 
stable arc operation. The forward edge tl1c1-1 
reduced by 0.254 cm and retestcd, however, the 
same problem prevented stable oper'itloi~ Thc 
next attempt was made with an add~"condl 0 254 cpn 
removed from the forward edge and with a11 c ~ ~ ~ o d e  
having a 2.54 cm throat diameter 'JTIIII io:~figuad- 
tion stabilized operation for a sholt pe r~od  wl'c1-1 aic 
attachment on the center port1011 of the cathode, 
however, after several minutes the a1 c tr'r ilsfer~ ed 
to  the forward edge and became unstable 

A test of the HC5 cathode was made witla the 
insulator shown in Fig. 3.6i which 111oved the cath- 
ode forward to  an interelectrode distance Lg of 
0.75 cm. Stable operation was achicved wllh pri- 
mary flow through the center of the cathode, Rzow- 
ever, introduction of the secondary 11ow causcc" 
the arc discharge to  attach again to the forwzr d 
edge and outside diameter resulting :n severe ero- 
sion. No further testing of this caiillode war con- 
ducted since the design goal was to  rncreaqe the 
mass flow into the cathode attacllmenk I-egron, and 
this increase by the secondary flow method resulted 
only in producing gross instabilit~es 111 the arc dls- 
charge. 

Report MDC 00446. May 7977 MCDONNELL DOUGLAS 39 



D;SCCBSSION OF EXPERIMENTAL RESULTS 

4,4 Propellants 

T1le pranclpdl tcst propellant was ammonia. How- 
eber, if a parhcular cathode-insulator configuration 
we)uid no: start on ammonia, argon was admitted 
into the px~pellant line to  initiate the discharge, 
ai~ci then after Lrc ~nitiation ammonia propellant 
flow was started. During the initiation of the 
HC9-E cathode test when argon comprised the 
n;~joraty sf the gas flow, the arc attachment was 
scen to  be evenly distributed on each of the three 
ii~terridl cort~ers of the cathode cavity. After the 
arnmoni'~ flow was introduced, the arc attachment 
locdlzed oil :he downstream corner. 

Subsequcn~ly, ;a number of tests were conducted 
wltk ,in argotn-ammonia mixture as the propellant 
ln ,an 'ittempt td find the proper ratio which would 
grve ~inpxoved 'ire attachment stability. Only pure 
algon gave oiag term arc stability, but the perform- 
ance was low. The thrust readout with a 75% volume 
coiaczntra"lro I of argon in the propellant became 
not~ceablly ,rnookher than the noisy readout with 
100% drnrnowra 

These obsc~atnons  suggest that the propellant 
pLiyi a role 111 establishing cathode attachment sta- 
b~l r ty  With am~m~onia as the propellant the arc in a 
I~olBocv c,~thocie configuration is difficult t o  stabilize 
wllelcds opc:idt~on with argon and lithium produces 
stible disclzdi ges 5,6 

A sene., of tests was carried out with the HC9-A 
cdtho~lt w ~ l h  *ll"eogen as a propellant. Table B.46 
prcisc~its the ~erfo'ormance data obtained during the 
fin\t rLn oi d new HC9-A cathode. The thrust-to- 
power rabsos rneasta~ed on this run are all higher 
than  tlaosc reLoldcd on the same cathode using 
,ipnrnonla as tlre propellant. The arc attachment 
s tL  'olPlty on nntrogen was much improved over 

Table B.47 presents performance data obtained 
on the following day, with the same HC9-A cathode. 
A slight drop in performance is seen; however, the 
decrease occurs on the experimental series asso- 
ciated with the thrust measurement. Figure 4.13 
shows the thrust performance of the HC9-A cath- 
ode with nitrogen. 

Since arc attachment stability was improved by 
operating with nitrogen, the next test sought to  
determine the effect of hydrogen on arc stability. 
This test was accomplished by operating the thrust- 
er at a constant nitrogen mass flow and varying the 
amount of hydrogen in the propellant. The results 
of this test are shown in Table B.48. Except for the 
first three data points, the nitrogen flow rate was 
held constant at 24.7 mg/sec throughout the test. 
With 100% nitrogen, currents up to  700 A were run 
without difficulty at an average thrust-to-power 
ratio of 0.01 05 N/kW. As hydrogen was introduced, 
the arc voltage became noticeably more noisy and 
the arc attachment on the cathode began to  fluctu- 
ate with excursions of the attachment out  of the 
hollow section on to  the front face of the cathode. 
When the hydrogen mass flow was such as to  have 
approximately equal mole flow rates (i.e., N? - = 
24.7 mg/sec, HI, - = 1.7 mg/sec) or greater, the thrust- 
to-power ratio decreased to  an average value of 
0.0141 N/kW. This test indicates that hydrogen 
plays a detrimental role in terms of hollow cathode 
arc stability and thrust performance. 

Several additional tests of the HC9-A cathode 
with nitrogen were conducted to  further document 
its performance. Table B.49 presents the perform- 
ance data taken over a two day period 011 a new 
HC9-A cathode. In general, the overall efficiency at 
a given specific impulse is slightly higher for nitro- 
gen than ammonia with good improvement in arc 
stability with nitrogen compared with ammonia. 

amnlcnaa and operation over a wider range of mass A test was next conducted.on a HC1-F2 hollow 
flow rate w~as possrble. Figure 4. l i  is a representa- cathode with nitrogen propellant for purposes of 
t n c  ~a~otiora picture frame of the arc region with comparison with previous ammonia performance 
ni~rogen. E ~ g ~ i r z  4-1 2 shows the thrust perform- data. Table B.50 shows data obtained for two con- 
at-cc of the HC9-A cathode with ammonia. secutive runs on nitrogen. Arc attachment to  the 
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Fig 4.12 Thrust performance of HC9-A cathode with ammonia 
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Fig. 4.13 Thrust performance of HC9-A cathode with nitrogen 
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c-lthode tvas not as stable on the HCl-F2 cathode 
when compared with the HC9-A cathode. The 
nitrogen performalice data for the HC1-F2 cathode 
are wc14 beicw those obtained previously on 
ammonia. Tlaus, propellant type is shown to affect 
both arc stability and overall performance with the 
HC9-A cat illode. 

Several tests were made of the X-7 thruster with 
HC9-A hollow cathodes using helium, neon, and 
xenon as propellants. Table B.5 1 presents part of 
t h e  perform,lnce data with helium. Some of the 
farst data are questionable because the thrust stand 
wds not rnovlng freely. The thruster operation was 
very stable Thc latter part of Table B.5 1 shows 
rciiat~vely lowel performance which is probably 
,ittnbtitable to the condition of the cathode that 
w,is ddmn,ngcd whcn the arc attachment was forced 
-Do the oiatslde diameter of the cathode while the 
Kliles wai  111 tlze exhaust plume. 

Table B.52 presents the results of additional tests 
at lower helium mass flow rates. In general, the per- 
formance with helium was higher than with ammonia. 
Figure 4.14 shows the thrust efficiency of the 
HC9-A cathode with helium. Operation on helium 
is shown in Fig. 4.1 j. 

The higher voltages were between 60 and 80 V at 
helium mass flow rates of 15 and 10 mg/sec, re- 
spectively. Insertion of the killer into the stream at 
voltages above 60 V often caused the arc attach- 
ment to shift to the outside of the cathode. The 
damage caused by the arc attachment on the out- 
side of the cathode was more severe with helium. 
Melting occurred on the cathode as well as on the 
anode throat. 

Table B.53 presents the data obtained with neon 
used as the propellant. The performance was com- 
parable to that with ammonia. Figure 4.1 5 shows 

0 1000 2000 3000 4000 5000 6000 7000 8000 

Specific impulse (sec) 

Fig 4.14 Thrust performance of HC9-A cathode with helium 
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DISCUSSION OF EXPERIMENTAL RESULTS 

the thrust performance of the HC9-A cathode with 
neon. Figure 4.1 k shows the arc region with neon 
propellant; however, thruster operation was not 
stable. Starts were made with argon and after about 
10 min of warm-up, the propellant was switched to 
neon. On two occasions the cathode arc attachment 
shifted to  the outside of the cathode when the pro- 
pellant was switched from argon to  neon. The arc 
attachment could be returned to  the cathode tip 
cavity by adding argon. 

The voltage was high, about 90 V, at a neon flow 
rate of 10 mg/sec. Cathode tip attachment was al- 
most impossible to maintain at 5 mg/sec. Operation at 
currents above 300 A was not accomplished. How- 
ever, the input power was high because of the high 
voltages. Only one data point was obtained at a flow 
rate of 15 mglsec because of exhaustion of the pro- 
pellant supply. 

Table B.54 presents the performance dil"c awrtlr 
xenon propellant. At the low flow ratcs (5  and I0 
mg/sec) the xenon performance was comparable to 
that with ammonia. Performance was i~~sensitive to 
flow rate variation as compared with ammonia. 
Figure 4.16 shows the thrust performa~~ce of the 
HC9-A cathode with xenon. Thrustcr operation 
was very stable. Although the arc attacl~ment ger~er- 
ally was forced away from the cathode t ~ p  by the 
killer at the higher currents, it could be returned 
simply by reducing the current. Figure 4. I V is a 
representative motion picture frame of the arc re- 
gion with xenon. 

Start and warm-up were made on argon, wi~icll 
gave an initial voltage less than 45 V. A few seconds 
after switching to xenon, the voltage ~~lcrcased to 
around 80 V. About a minute-and-d-half later, the 
voltage dropped to about 50 V. The cakltode altacll- 
ment appeared to  be tlie same dur~ng both c o ~ ~ d l -  
tions. The exhaust plume was brighter a,ad more 

0 1000 2000 3000 4000 5000 6000 7000 8003 

Specific impulse (sec) 

Fig 4.15 Thrust performance of HC9-A cathode with neon 
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DISGGSSIOIV OF EXPERIMENTAL RESULTS 

30 

I h r u s !  efficiency (%) 

0 
0 1000 2000 3000 4000 5000 6000 7000 8000 

Specific impulse (sec) 

Fig 4.16 Thrust performance of HC9-A cathode with xenon 

diffuse during the higher voltage, which is charac- 
teristic of a higher energy plume. To test the idea 
tnar the higher voltage was caused by an argon- 
xenon m ~ x ,  a small burst of argon was added to  the 
xenon flow. T h e  voltage increased to  62 V, sup- 
porting the iaypotliiesis. 

Summar rzing the results of the various pro- 
pellaxts tested, the following comparisons may be 
17:ade i-eldt we to ammonia: 

( I ) Helium performance was somewhat higher 
although the cathode tip attachment was 
unstable. Electrode melting was severe. 

( 2 )  Neon performance was comparable. Cath- 
ode tzp attachment was very unstable. The 
voltages were the highest among all five 
gases tested. 

(3) Xenon performance was comparable at 
flow rates of 5 to  10 mg/sec. Performance 
spread caused by flow rate variation was 
narrow. Thruster operation was very 
stable. Cathode erosion was low. 

(4) Nitrogen performs better than ammonia at 
specific impulses below 2300 sec. Opera- 
tion was more stable over a wider range of 
propellant flow rates. Addition of hydrogen 
was detrimental to arc stability and thrust 
performance. 

Although the type of propellant does affect the 
arc stability, the overall performance of the HC9-A 
cathode varies very little considering the fact that 
ionization potentials and molecular (atomic) weights 
of the tested propellants are quite different. 
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Cathode-insulator modi f icat ion 

@ The use of hollow cathodes in the X-7 MPD 
thruster configuration greatly increases the 
specific impulse capability of this device over 
short operation time. Maximum specific impulse 
near 10,000 sec was obtained with hollow cath- 
odes whereas a maximum of only 3200 sec was 
recorded with solid conical cathodes. 

@ Cathode attachment instabilities with ammonia 
prevent operation at high specific impulse values 
for long periods. 

@ The range of propellant flow rate operation is 
lower with the hollow cathodes as compared 
with the solid conical cathodes. The propellant 
flow rate with hollow cathodes varied from 4 to  
30 mg/sec, compared with 20 to 40  mglsec with 
solid conical cathodes. 

@ The overall performance of the solid conical 
cathodes was affected very little by the axial 
position of the cathode. 

@ The arc voltage increased with smaller axial gaps; 
consequently, higher input power can be achieved 
with the smaller gaps. 

e, Long term arc attachment control by shielding 
the cathode with an insulator is not feasible be- 
cause of severe insulator erosion. 

@ The hollow cathodes possess a positive current- 
voltage character at low mass flow rates in con- 

trast to a decreasing slope for the solid conical 
cathodes. The voltage increases wit11 decreasing 
mass flow rates. 

@ The cavity shape does not significantly affect ~ E I C  
overall performance. 

Buffered cathode 

@ Slightly higher thrust-to-power ratnos were ob- 
tained on this configuration as compared with 
the X-7 thruster. 

@ The buffer throat erosion rate was i~atolerabllc a t  
current levels above 200 A. 

Dual propellant feed 

@ The best performance was obtained wlleil the 
majority of the propellant flow was rrltroduced 
through the primary flow system. 

@ The effect of introducing a seco~~darj i  propeI1'1nt 
was a degradation of thrust performance whlcl; 
generally caused a loss of stable arc nperatlon 
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@ Thruss-to-power ratios were approximately 10- 
15% lowzr when the total flow was injected 
through the secondary instead of the primary 
flow systcm 

@ The hrgher voltage associated with low primary 
flow sates C C B L P L ~  not be maintained with high 
secondary flows. 

Propellants 

* i h t h  dlr1no111~ ds a propellant, the arc is difficult 
to stitbl11.x In ,a hollow cathode configuration. 
Tests of 'lrgon-ammonia mixtures showed that 
the propellant plays an important role in estab- 
?zs31111g cdl-hodc dttachment stability. 

Nxtrogen performs better than ammonia at spe- 
c ~ h c  impeilses below 2300 sec. Operation was 
illore stable over a wider range of propellant flow 
r,it?s 

@ Addition of hydrogen to  nitrogen was detrimental 
to  arc stability and thrust performance. 

Helium performance was somewhat higher than 
ammonia although cathode tip arc attachment 
was unstable. Electrode melting was severe. 

@ Neon performance was comparable with ammonia. 
Cathode tip attachment was very unstable. The 
voltages were the highest among all gases tested. 

@ Xenon performance was comparable with ammo- 
nia at flow rates of 5 to  10 mg/sec. Performance 
spread caused by flow variation was narrow. 
Thruster operation was very stable. Cathode 
erosion was low. 

Although the propellant does affect the arc sta- 
bility, the overall performance of the HC9-A 
cathode varies very little considering the fact that 
ionization potentials and molecular (atomic) 
weights of tested propellants were quite different. 
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6 Recommerrdations for 
future work 

Modification of the X-7 MPD arc thruster have 
brought about increased specific impulse and thrust 
efficiency. While power levels up to 46 kW have 
been tested for short periods, operation for long 
periods would not be possible at this power. The 
ways to increase thruster lifetime are not clear. On 
the other hand, efficiency improvements could be 
achieved through the development of a high cur- 
rent MPD thruster. 

To accomplish this task, the following future 
work is recommended: 

@ Scale up the X-7 MPD thruster to increase the 
power capability. Scaling up would provide 
room in which one could vary the cathode 
geometry more freely. Heating and cooling 
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of the cathode could be ianpleincnted, dila 
other measures, aimed at Incrcasrng Itfet!n7~, 
would also become possible. 

@ A large rotating cathode could be ~ n v e s t ~ g ~ t t e d  
as a means of increasing the currcrt ~dp~nbilr ty  

Other aspects of thruster technology coinld be rirr- 
proved by doing work on the following problerl: 
areas: 

@ The variation of propellants, l i ~ ~ l u d ~ r ~ g  bke ~ d s ,  
should be investigated further 

@ A lifetest should be cond~lcted with a nddikt- 

tion-cooled minimum we~ght p e ~ ~ ~ ~ ~ i l ~ c ~ i t  111dgne1 

@ The effect of pressure on c~~trarra~ment ciio~iid 
be investigated further. 
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7 Appendix A - triple cathode 

A ppossable method of increasing the current capa- 
Srlity of thruster would be through the use of a 
multipk catl~ode A triple cathode (Fig. 3.4) con- 
iigtarat~oli was dewsed. The cathodes were situated 
r,id~dlly about the thruster centerline and enclosed 
by d single buffer The buffer holes and cathode 
taps  were 'usanged such that a virtual single cathode 
would be dpproxlmated at a distance of 1 cm down- 
strzan-n of the assembly face. The triple cathode 
,~-,sernbly B Fig. A-4 1 was sandwiched between the 
GI lode and the magnet. 

Three ,~t:empts were madc to obtain stable arc 
or~c.aiaor 011 the triple cathode assembly. In the 
k i t  st s"ril:t-up, di C-over occurred from the cathodes 
to the b~affci and from the buffer t o  the anode 
sicver'ii rn~nutcs  altcr starting. The discharges 
,ippeG~red to be stabilized when the exhaust radia- 
tlon con] ,-~leteiiy cilsappeared with an accompanied 
d~csease in arc voltage. 

From 111~: LKL "tracks" observed it appeared that 
tbc c,athodc to buffcr current path took place just 

behind the gas injection port. The tungsten buffer 
could not sustain the localized thermal stresses 
and two radial cracks occurred. 

In the next attempt, the tungsten buffer was re- 
placed by boron nitride and 0.41 cm thick tungsten 
plate 4.0 cm in diameter. The plate was inserted 
into the boron nitride and had three holes, one in 
front of each cathode. This configuration was tested 
for a period of 24 min with the following currents 
and voltages on the three cathodes: 105, 55, 30  A 
at 50, 20 and 30 V, respectively. The currents and 
voltages indicated a non-symmetric arc operation 
and the test was terminated when some local melt- 
ing of the plate was observed. 

The final test of the triple cathode was made 
without the tungsten plate. The arc currents were 
increased in this test up to several hundred amperes, 
resulting in severe erosion of the boron nitride. 

In view of the difficulties encountered with this 
cathode configuration, no further tests were made. 
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Fig. A-I Triple cathode geometry 
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8 Appendix B - X-7 thruster performance data 

Arc 
current 

(A) 

Table B . l  X-7 thruster performance data 

Solid conical cathode, Lg = 1.17 cm 

NW3 
f low rate 
( mglsec) 

Thrust 

( N )  

0.262 

0.309 

0.302 

0.355 

0.438 

0.481 

0.223 

0.268 

0.288 

0.338 

0.397 

0.1 69 

0.226 

0.242 

0.259 

0.159 

0.151 

0.1 63 

0.194 

0.283 

0.357 

0.407 

0.485 

0.540 

0.263 

0.31 7 

0.352 

Specific 
Power impulse 
(kW) 

(sec) 

Thrust 
power 

(N/kW) 
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Table B. 1 X-7 thruster performance data (cont'd) 

Solid conical cathode 

Arc Arc NH3 
current voltage flow rate Thrust 

(A) (V) (mglsec) (N) 

Specific 
Power 

impulse 
(kW) 

(sec) 
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Table B . l  X-7 thruster performance data (cont'd) 

Solid conical cathode 
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Table B . l  X-7 thruster performance data (cont'd) 

Solid conical cathode, L = 0.95 cm 
g 

Arc 
current 

(A) 

Arc 
voltage 

(V) 

N"3 
flow rate 
(mglsec) 

Thrust 

(N) 

Power 
(kW) 

Specific 
impulse 

(see) 

Thrust 
power 

(N/kW) 

Thrust 
effic[iewc\i 

( % I  
-- 

6.06 

8.24 

9.39 

12.04 

12.56 

5.62 

8.96 
6.62 

8.82 
7.14 

9.94 

10.9 1 

7.1 8 

3.86 

6.72 

7.45 

11.24 

10.9% 

12.96 

6.58 

8.35 

5.09 

7.07 

10.03 

8.38 

8.58 

4.19 

5.73 

7.91 

10.96 

11.1 1 

8.93 

lwagnetic 
field 

(teslak 
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Table B.1 X-7 thruster performance data (cont'd) 

Solid conical cathode, Lg = 0.95 cm 

Thrust 

(N) 

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 
(N/kW) 
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APPENDIX B 

Table B. l  X-7 thruster performance data (cont'd) 

Solid conical cathode, Lg = 0.87 cm 

Arc 
current 

(A)  

Arc 
voltage 

(V) 

""'3 
flow rate 
(mglsec) 

40 

40 

40 

40 

40 

40 

30 

30 

30 

30 

30 

30 

30 

30 

20 

20 

20 

20 

20 

20 

30 

10 

10 

10 

10 

10 

10 

40 

40 

40 

40 

40 

40 

30 

Thrust 

(N) 

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(NIkW) 

Thr~nst 
efficiency 

7.31 

8.54 

9.97 

12.67 

13.76 

15.45 

9.00 

12.44 

10.94 

6.73 

12.87 

7.72 

13.14 

10.95 

3.88 

6.62 

4.05 

5.33 

6.638 

7.64 

7.79 

13.14 

10.55 

12.27 

7.07 

8.39 

8.52 

5.69 

8.82 

10.51 

12.91 

16.02 

18.69 

7.37 

Magnetic 
field 

( tes la]  
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Table B. 1 X-7 thruster performance data (cont'd) 

Solid conical cathode, Lg = 8.87 cm 

Arc 

current 

IAb 

4089 

500 

600 

700 

700 

300 

400 

4063 

500 

506 

60C 

600 

700 

700 

300 

400 

500 

500 

600 

300 

400 

500 

600 

700 

SO0 

300 

400 

500 

606 

700 

300 

400 

500 

SO0 

700 

300 

400 

500 

MH3 
flow rate 

(rnslsec) 

Thrust 

(N)  

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N IkW)  

Thrust 
efficiency 

(%I 

Magnetic 
field 

(tesla) 
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APPENDIX B 

Table 8.2 X-7 thruster performance data 

Solid conical cathode, 6 hole, Lg = 0.87 cm 

Arc 
current 

(A )  

Arc 
voltage 

(V) 

N H 3  
flow rate 
(mglsec) 

Thrust 

(N)  

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I 

Magnetic 
field 

(tesPa b 
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Table B.2 X-7 thruster performance data (continued) 

Solid conical cathode, 6 hole, Lg = 0.87 cm 

Arc 
current 

('4) 

Arc  
voltage 

avr 

NI-13 
f l o w  rate 

(mglsec) 

Thrust 

(N) 

Power 

(kW) 

Thrust Thrust Magnetic 
power efficiency f ie ld  

(N/kW) (%I (tesla) 

0.01 87 15.10 0.1 65 

0.01 86 18.33 0.165 

0.01 53 1 1.74 0.160 

0.01 57 16.20 0.160 

0.01 56 19.85 0.1 60 

0.01 64 26.06 0.1 60 

0.01 66 19.38 0.1 60 

0.01 25 11.18 0.1 60 
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APPENDIX B 

Table B.3 X-7 thruster performance data 

Solid conical cathode, 3 hole a t  location (A), Lg = 0.95 cm 

Arc 
current 

(A )  

Arc 
voltage 

(V) 

N"3 
flow rate 

(mglsec) 

40 

40 

40 

40 

40 

40 

30 

30 

30 

30 

20 

20 

20 

20 

20 

30 

30 

30 

30 

30 

30 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

30 

30 

Thrust 

(N) 

0.295 

0.378 

0.525 

0.635 

0.61 6 

0.771 

0.322 

0.454 

0.557 

0.490 

0.338 

0.432 

0.363 

0.398 

0.425 

0.373 

0.456 

0.556 

0.496 

0.535 

0.589 

0.404 

0.478 

0.588 

0.702 

0.61 8 

0.71 2 

0.392 

0.486 

0.61 5 

0.708 

0.659 

0.784 

0.703 

0.358 

0.451 

Power 

(kW) 

Specific 
impulse 

(se c) 

Thrust 
power 

(NIkW) 

Thrust 

efficiency 

( % I  

Magnetic 

held 
( tes la j  
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APPENDIX B 

Table B.3 X-7 thruster performance data (continued) 

Solid conical cathode, 3 hole a t  location (A), Lg = 0.95 cm 

Arc 

current 

(A1 

Ar a: 
voltage 

(V) 

Table B.4 X-7 thruster performance data 

Hollow cathode - with flow HC2 cathode 

N"3 
f low rate 

Th rus t  

(mglsec) (N) 

Table B.5 X-7 thruster performance data 

Hollow cathode - with flow HC2 cathode 
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Table B.6 X-7 thruster performance data 

Hollow cathode - with flow HC2 

Table B.7 X-7 thruster performance data 

Hollow cathode - no flow HC1-F2, 0.159 cm cavity 

A r c  
voltage 

(V) 

N"3 
flow rate 

(mglsec) 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 

efficiency 

(%I 

kflagnetic 
field 

Bteslaj 
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Arc 
current 

(A1 

Arc 
\is!tage 

(V) 

Table B.8 X-7 thruster performance data 
Hollow cathode - no flow HGI-FO, 0.318 cm cavity 

Thrust 

(N) 

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%) 

Magnetic 
field 

(testa) 
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Table B.9 X-7 thruster performance data 

Arc Arc 
current voltage 

(A) (V) 

Hollow cathode - no flow, HCI-FO 
0.476 cm cavity, Lg = 0.845 cm) 

NI-13 
flow rate 
(mglsec) 

Thrust 

(N)  

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(NIkW) 

Thrust 
efficiency 

(%I  

7.67 

11.116 

14.1 1 

15.83 

20.05 

11.06 

14.5,4 

18.09 

21.39 

1 1.99 

16.09 

19.17 

18.31 

12.99 

18.47 

20.83 

25.92 

19.57 

24.14 

31.59 

22.02 

28.74 

5.88 

8.19 

11.36 

13.06 

15.03 

9.88 

11.91 

14.29 

14.81 

9.59 

12.47 

15.1 9 

11.11 

Magnetic 
field 

( tes la)  
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A P P E N D I X  I3 

Arc 

current 

(A) 

Table 9.10 X-7 thruster performance data 

Hollow cathode - no flow, HCI-FO 
0.476 cm cavity, Lg = 0.845 cm) 

Thrust 

(N) 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I 
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APPENDIX €3 

Arc 
current 

( A )  

Arc 
voltage 

(V) 

Table B . l l  X-7 thruster performance data 

(Hollow cathode - no flow, HCI -FO 
0.476 cm cavity, Lg = 0.660) 

NH3 
f low rate 

(mglsec) 

Thrust 

( N )  

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N IkW)  

Thrust 
efficiency 

(%I  

Magnetic 
field 

( tes la j  
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APPENDIX B 

Table B.12 X-7 thruster performance data 

(Hollow cathode - no flow, HC1-FO 
0.476 cm cavity, Lg = 0.845 cm) 

Arc 
current 

Arc 
voltage 

(V3 

Thrust 

(N) 

Specific 
Power 

impulse 
(kW) 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I  

Table B.13 X-7 thruster performance data 

Hollow cathode - no flow, HC1-FO, 0.476 cm cavity hole 
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Arc 
current 

(A) 

Arc 
voltage 

(V) 

Table 5.14 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F1 
0.159 cm cavity, Lg = 0.845 cm 

NH3 
flow rate 
(mglsec) 

Thrust 

(N) 

Table 5.15 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F1 
0.318 cm cavity, Lg = 0.845 cm 

Arc 
current 

(A)  

Arc 
voltage 
(V) 

NH3 
flow rate 
(mglsec) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

0.01 06 

0.01 18 

0.01 17 

0.021 1 

0.01 99 

0.02 15 

0.01 80 

0.01 91 

1 0.0172 

Thrust 
efficiency 

( % I  
-- 

14.1 11 

28.50 

40.22 

14.70 

18.00 

26.68 

22.98 

12.49 

16.291 
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Table B.16 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F1 
0.476 cm cavity, Lg = 0.845 cm 

Arc 
CUUUBPII 

(A9 

Arc 
voltage 

('dl 

NW3 
flow rate 

(mglsec) 

Power 

(kW) 

Specific 
impulse 

(sec) 

2206 

3277 

3998 

4653 

5374 

6051 

2572 

2994 

3356 

3648 

3648 

Thrust 
power 

(NIkW) 

Thrust 
efficiency 

(%I 

Table 6.17 X-7 thruster performance data 

Hollow cathode - with flow, HCI -F2  
0.159 cm cavity, Lg = 0.845 cm 

Arc 
current 

(A) 

Arc 
voltage 

(V) 
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APPENDIX S 

Table B.18 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F2 
0.31 8 crn cavity, Lg = 0.845 

Arc 
current 

(A) 

200 

300 

400 

500 

600 

400 

300 

300 

400 

500 

600 

400 

500 

600 

300 

400 

500 

600 

300 

400 

500 

300 

300 

400 

1 500 

600 

Arc 
voltage 
(V) 

NH3 
flow rate 
(mglsec) 

Thrust 

(N) 
Power 
(kW) 

Specific 
impulse 

(se c) 

Thrust 
power 

(NIkW) 

Thrust 
efficiency 

4%) 

Magnetic 
field 

[ tesla) 
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APPENDIX B 

Table 5.19 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F2 
0.476 cm cavity, Lg = 0.845 cm 

Arc NH3 
Thrust Power 

voltage flow rate 

(V) (mglsec) (N) (kW) 

Table B.20 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F2 
0.476 cm cavity, Lg = 0.685 cm 
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APPENDIX 3 

Table B.21 X-7 thruster performance data 

Hollow cathode - with flow, HC1-F2 
0.476 cm cavity, Lg = 0.51 6 cm 

N H 3  
flow rate 

( mglsec) 

10 

10 

10 

20 

20 

5 

5 

Thrust 

(N)  

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(NIkW) 

0.01 63 

0.01 67 

0.01 65 

0.0202 

0.02 12 

0.01 25 

0.01 21 

1 
Thrust 1 

efficiency 1 F 
(%) 1 

16.047 
22.25 1 
27.32 1 
13.58 1 

1 

18.87 / 21.09 

27.19 1 

Magnetic 

field 
t,teslaj 

Table 6.22 X-7 thruster performance data 

Hollow cathode - with flow, HCI-F3 
0.476 cm cavity, Lg = 0.845 cm 

current voltage ",' N H 3  
flow rate 

(mglsec) 

Table B.23 X-7 thruster performance data 

HC600 cathode 

Arc 
current 

(A)  

Arc 
voltage 

(V) 

N H 3  
flow rate 

(mglsec) 

Thrust 

(N) 

Specific 
impulse 

(kW) 
(sec) 

Magnetic 

field 
(tesla) 
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APPENDIX E 

Table B24 X-7 thruster performance data 

HC600 cathode 

Arc 
current  

(AP 

Arc 

voltage 

(V) 

49.0 

40.0 

39.0 

38.0 

48.0 

44.0 

38.0 

49.0 

44.0 

Th rus t  

( N )  

Power 

( kW)  

Speci f ic  
impulse 

(sec) 

2534 

4172 

5680 

6423 

1015 

1346 

1502 

605 

724 

Thrus t  
power  

(N/kW) 

0.01 16 

0.01 56 

0.01 63 

0.01 51 

0.01 37 

0.01 49 

0.01 54 

0.01 60 

0.01 52 

Th rus t  
ef f ic iency 

I (%) 

Magnet ic 
f i e l d  

(tesla) 

0.10 

0.10 

Table B.25 X-7 thruster performance data 

HC6-F2 cathode, 0.319 cm cavity, Lg = 0.406 cm 

Arc 
current  

$A) -- 
230 

300 

400 

200 

300 

430 

500 

600 

Arc 
voltage 

(V) 

N"3 
f l o w  rate 

(mglsec) 

20 

20 

20 

4 

4 

4 

4 

4 

Th rus t  

(N )  

Magnet ic 
f i e l d  

(tesla) 
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Table B.26 X-7 thruster performance data 

HC6-F2 cathode, 0.476 cm cavity, Lg = 0.595 cm 

Power 
(kW1 1 Specific 

impulse 

(sec) 

Table 6.27 X-7 thruster performance data 

HC6-F2 cathode, 0.476 cm cavity, Lg = 0.714 
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A P P E N D I X  B 

Table B.28 X-7 thruster performance data 
HC9 cathode 

Table B.29 X-7 thruster performance data 
HC9 cathode 

Arc 
CIJr rent  

(A) 

Arc 
voltage 

(V)  

N"3 
flow rate 

(mglsec) 

Thrust 

(N) 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(NIkW) 

Thrust 
efficiency 

(%I 

Magnetic 
field 

(tesla) 
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Table B.30 X-7 thruster performance data 

HC9-A cathode 

Arc 
current 

(A) 

Arc 
voltage 

(V) 

N H 3  
f low rate 

(mglsec) 

Thrust 

( N )  

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I  

Table B.31 X-7 thruster performance data 

HC9-A cathode 

Arc 
voltage 

(V) 

N H 3  
flow rate 

(mglsec) 

Thrust 

( N )  

Specific 
Power impulse 
(kW) 

(set) 

Thrust 
power 

(N/kW) 

Thrust 

efficiency 

(%I  

17.26 

22.38 

28.66 

30.93 

30.54 

23.96 

25.12 

23.65 

Magnet ic 

IfreBd 
i t es la )  
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Table B.32 X-7 thruster performance data 

HC9-A cathode - 10 hour test 

Arc 

current  

(A) 

.Arc 
voltage 
(V) 

56.0 

58.0 

58.0 

58.0 

58.0 

56.0 

57.0 

57.0 

57.0 

56.0 

56.0 

55.0 

Thrust 

(N) 

0.250 

0.360 

0.331 

0.341 

0.350 

0.316 

0.328 

0.333 

0.306 

0.313 

0.341 

0.321 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 
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Table B.33 X-7 thruster performance data 

HC9-A cathode 

Specific 
impulse 

(sec) 

Thrust 
power 
(N/kWI 

Thrust 
efficiency 

(%I 

Magaeetr c 

field 
(tesla) 
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Table B.34 X-7 thruster performance data 

10 hour duration test 
HC9-A cathode 

Arc 
current 

(A) 

300 

375 

375 
400 

358 

350 

350 

350 

350 

350 

Arc 
voltage 

(V) 

N H 3  
flow rate 

(mglsec) 

Thrust 

( N )  

Power 

(kW) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

( % I  

Magnetic 
field 

(tesla) 

Table B.35 X-7 thruster performance data 

10 hour duration test 
HC9-A cathode 

Arc 

curre~nt 

(a) 

Arc 

voltage 

(V) 

N H 3  
flow rate 

(mglsec) 

Thrust 

(N)  

Power 

(kW) 

Thrust 
power 

(N IkW)  

Thrust 
efficiency 

(%) 
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Arc 
current 

(A) 

300 

400 

350 

400 

450 

300 

400 

300 

300 

400 

Table B.36 X-7 thruster performance data 

HC9-B cathode 

Arc 
voltage 

( V )  

N H 3  
flow rate 
(mglsec) 

Thrust 

(N) 

Specific 
Power impulse 
(kW) 

(sec) 

Thrust 
power 

(N/kW) 
efficiency 

(%I  

Arc 
voltage 

( V )  

Table B.37 X-7 thruster performance data 

HC9-E cathode 

NH3  
flow rate 
(mglsec) 

Thrust 
efficiency 

(%I 
- 

14.07 

22.71 

25.29 

13.24 

15.82 

20.48 

19.97 

I 18.19 

18.30 
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APPENDIX B 

Table B.38 X-7 thruster performance data 

Hollow cathode - dual flow 
0.159 cm cavity, Lg = 0.845 cm 

Arc 
current 

(A1 

'P - primary 

S - secondary 

Table B.39 X-7 thruster performance data 

Hollow cathode - dual flow 
HCI-F 1, 0.1 59 cm cavity 
3 injection ports omitted 

Magnetic 
field 

(tesla) 

Arc 
current 

(A9 

"P - primary 

S - secondaw 
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APPENDIX B 

Table B.40 X-7 thruster performance data 

Hollow cathode - dual flow 
HCI-F1, 0.476 cm cavity 

3 injection ports, Lg = 0.845 cm 
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Table B.40 X-7 thruster performance data (cont'd) 

Hollow cathode - dual flow 
HCI-F 1, 0.476 cm cavity 

3 injection ports, Lg = 0.845 cm 

Arc 
current 

(A1 

Thrust 

(N)  

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(NIkW) 

Magnetic 
field 

(tesla) 

MCDOIVNELL DOUGLAS 

- 
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Table B.40 X-7 thruster performance data (cont'd) 

Hollow cathode - dual flow 
HCI-F1-0.476 cm cavity 

3 injection ports, Lg = 0.845 cm 

Thri~st 
efficiency 

(%I 

Magnetic 

field 
Bteolaj 

*P - primary 

S - secondary 

Table B.41 X-7 thruster performance data 

Hollow cathode - dual flow 
HCI-F2, 0.476 cm cavity 

3 injection ports, Lg = 0.845 cm 

*P - primary 

S - secondary 
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APPENDIX B 

Table B.42 X-7 thruster performance data 

Hollow cathode - dual flow 
HCI-F1, 0.476 cm cavity 
3 injection ports omitted 

Arc Arc 
current voltage 

la) CVP 

Thrust 

(RI 

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I 

Magnetic 
field 

(testa) 

"B - primary 

S - secondary 
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APPENDIX B 

Table 5.43 X-7 thruster performance data 
Hollow cathode - dual flow 

HC4-F 1 

*P - primary 

S - secondary 

Table 5.44 X-7 thruster performance data 

Hollow cathode - dual flow 
HC4-F2 

I TI-..__.A 
Specific Thrust Thrust Magnetic 

I ,  I".\ 
field 

*P - primary 

S - secondary 
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Table B.45 X-7 thruster performance data 

Hollow cathode - dual flow 
HC4-F3 

S - secondary 

Table B.46 X-7 thruster performance data 

HC9-A cathode nitrogen propellant 

Arc 

curretl! 
Thrust 

( A )  (N) 

Specific Thrust 
Power 

impulse power 
(kW) 

(sec) (N/kW) 

Thrust 
efficiency 

(%I  

Magnetic 
field 

(tesla) 
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APPENDIX 8 

Table B.47 X-7 thruster performance data 

HC9-A cathode nitrogen propellant 

Arc 
current 

(A) 

300 

400 

500 

500 

400 

300 

300 

400 

500 

600 

700 

700 

600 

500 

400 

300 

300 

400 

500 

500 

600 

Arc 
voltage 

(V) 

2 
f low rate 

(mglsec) 

Thrust 

(N) 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I  

kqagraetic 

Field 
( tes la)  
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APPENDIX B 

Table B.48 X-7 thruster performance data 

HC9-A cathode, hydrogen-nitrogen propellant 
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APPENDIX 6 

Table 8.49 X-7 thruster performance data 

HC9-A cathode, nitrogen propellant 

Arc 
current 

( A )  

Arc 
voltage 

(V) 

N2 
f low rate 

(mglsec) 

Thrust 

(N) 

Power 

(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

( % I  

Magnetic 

field 
(teslaQ 
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APPENDIX 6 

Arc 

current 
(AB 

Table 5.50 X-7 thruster performance data 

HC9-A cathode, nitrogen propellant 

Arc 
vloltage 

(V) 
v- 

36.0 

34.0 

37.0 

32.0 

33.0 

34.0 

36.0 

39.0 

40.0 

40.0 

43.0 

44.0 

46.0 

48.0 

47.0 

48.0 

47.0 

34.0 

34.0 

36.0 

40.0 

40.0 

42.0 

46.0 

48.0 

48.0 

41.0 

42.0 

42.0 

N2 
flow rate 

(mglsec) 

Thrust 

(N) 

Power 

IkW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%) 

Magnetic 
field 

(tesla) 
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APPENDIX E 

Table 6.51 X-7 thruster performance data 

HC9-A cathode, helium propellant 

Arc 
voltage 

( V )  

59.0 

66.0 

54.0 

50.0 

50.0 

54.0 

47.0 

47.0 

50.0 

48.0 

48.0 

90.0 

90.0 

61 .O 

59.0 

64.0 

Helium 
flow rate 
(mg/sec) 

Specific 
impulse 

(sec) 

2244 

371 1 

1889 

1437 

1904 

2276 

1603 

1905 

2162 

1443 

1841 

230 1 

227 1 

1092 

2056 

3349 

Thrust 
power 

(N/kW) 

0.0138 

0.01 64 

0.0171 

0.0186 

0.01 85 

0.01 64 

0.0277 

0.0247 

0.021 1 

0.0244 

0.03 1 2 

0.0082 

0.0081 

0.0087 

0.01 27 

0.01 53 

Thrust 
efficiency 

( % I  

Magnetic 
field 

f tes la j  
-- 

Q" lo 

I 

I 

0.10 

Table B.52 X-7 thruster performance data 

HC9-A cathode, helium propellant 

Arc 
current 

(A)  

Arc 
voltage 

(V )  

56.0 

60.0 

68.0 

59.0 

59.0 

64.0 

80.0 

76.0 

82.0 

Thrust 

(N) 

Specific 
impulse 

(kW) 
(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

( % I  

16.50 

23.02 

28.02 

15.34 

24.09 

31.21 

20.91 

21.74 

24.66 

Magnetic 

field 
i tes la)  
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APPENDIX B 

Table B.53 X-7 thruster performance data 

HC9-A cathode, neon propellant 

Arc 

current 

(A)  

Arc 
voltage 

(V)  

90.0 

90.0 

90.0 

75.0 

83.0 

95.0 

Neon 
flow rate 

( mglsec) 

Thrust 

( N )  

Power 
(kW) 

Specific 
impulse 

(sec) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

( % I  

Magnetic 
field 

(tesla) 

Table B.54 X-7 thruster performance data 

HC9-A cathode, xenon propellant 

Arc 

current 

bA) 

Arc 
voltage 

(V)  
--- 

49.0 

56.0 

60.0 

73.0 

76.0 

54.0 

57.0 

62.0 

64.0 

53.0 

55.0 

55.0 

57.0 

60.0 

62.0 

58.0 

59.0 

60.0 

60.0 

58.0 

52.0 

56.0 

58.0 

67.0 

74.0 

60.0 

Xenon 
flow rate 

(mg/sec) 

10 

10 

10 

5 

5 

10 

10 

10 

10 

15 

15 

15 

15 

15 

15 

20 

20 

20 

20 

20 

10 

10 

5 

5 

5 

10 

Thrust 

(N) 

Power 

(kW) 

Specific 
impulse 

(sec) 

1979 

2522 

2994 

2532 

3617 

2090 

2693 

3065 

3296 

1427 

1708 

1976 

2204 

2552 

2659 

1210 

1351 

1502 

1597 

1783 

2160 

2572 

2773 

4884 

631 1 

231 1 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

( % I  
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Table B.54 X-7 thruster performance data (cont'd) 

Arc 
voltage 

(V) 

57.0 

59.0 

62.0 

64.0 

64.0 

64.0 

59.0 

60.0 

61.0 

61.0 

60.0 

62.0 

60.0 

60.0 
51.0 

54.0 

57.0 

56.0 

52.0 

52.0 

61.0 

72.0 

64.0 

71.0 

77.0 

74.0 

81 .O 

65.0 

62.0 

63.0 

64.0 

63.0 

57.0 

61.0 

64.0 

83.0 

56.0 

55.0 

58.0 

60.0 

71.0 

HC9-A cathode, xenon propellant 

Thrust 

(N) 

0.171 

0.237 

0.260 

0.285 

0.295 

0.377 

0.280 

0.315 

0.290 

0.309 

0.341 

0.356 

0.280 

0.304 

0.204 

0.1 80 

0.192 

0.235 

0.1 44 

0.202 

0.274 

0.163 

0.187 

0.304 

0.353 

0.246 

0.151 

0.205 

0.284 

0.318 

0.356 

0.397 

0.230 

0.297 

0.328 

0.292 

0.255 

0.239 

0.21 5 

0.263 

0.271 

Power 

(kW) 

20.0 

17.7 

21.8 

25.7 

28.9 

32.1 

17.7 

21.1 

24.5 

27.5 

30.1 

34.2 

18.0 

18.0 

15.3 

18.9 

22.9 

16.8 

15.6 

15.6 

21.4 

28.9 

19.2 

24.9 

30.9 

22.3 

28.4 

19.5 

21.8 

25.3 

28.9 

31.6 

17.1 

21.4 

25.7 

25.0 

16.8 

16.5 

20.4 

18.0 

21.4 

Specific 
impulse 

(see) 

Thrust 
power 

(N/kW) 

Thrust 
efficiency 

(%I  
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